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PREFACE

This report documents a Federal Aviation Adm nistration operational
evaluation of the initial group of four air traffic control
servi ces which have been designed for inplenentation on the Mdde S
Data Link system The report is organized in two vol unes.

Volune | contains the main body of the report. It includes a
detail ed description of the objectives of the evaluation and of the
techni cal approach and test nethods that were used. In addition

the primary results of the controller and aircrew portions of the
study, concl usions and recommendati ons are presented.

Volune Il contains a set of appendixes to the report. These
appendi xes are referenced in Volunme | and include technical
docunentation of the test hardware and of controller and pilot Data
Li nk procedures. The appendi xes al so present detail ed anal yses of
the data which were collected in the study. These appendi xes were
the basis for the primary results sections presented in Volune I|.






ACKNONLEDGEMENTS

The study reported in this docunent was conducted at the Federal
Aviation Adm nistration (FAA) Technical GCenter by the Airborne
Col I'i si on Avoi dance and Data Link Systens Branch, ACD 320.

The planning and execution of the study were the results of
cooperative efforts of several nenbers of the Data Link Devel opnent
Team In particular, the follow ng individuals played key roles in
this research:

FAA Techni cal Center, ACD 320
N chol as Talotta
Al bert Rehnmann
Thomas Pagano
Thonmas Zuri nskas
F. Paul Zito
Ceorge Chandl er
R chard d son
Francis R Millin
Henry Marek

Air Traffic Data Link Validation Team
James O Mal |l ey, ATR- 157
G egg Anderson, Ccean TRACON
Edward Brestle, Ft. Wrth ARTCC
M chael Bullington, Sacranmento TRACON
Bar bara Cassada, Denver ARTCC
G eg Colclasure, Kansas Gty ARTCC
Mona Col cl asure, Kansas Gty ARTCC
Joe D Al essio, New York TRACON
Evan Darby, Mam ARTCC
Dana Jones, Ft. Wrth ARTCC
Jerry Karrels, Madison, W Tower
Charlotte Long, Ontario, CA TRACON
M chael Mss, Denver TRACON
Tom Ray, Tul sa Tower
St eve Reut epohler, d evel and ARTCC
Joe Strietzel, Anchorage ARTCC

NTI, I ncorporated
Dr. dark Shingl edecker

DTC Cor porati on
John Evans
Dan Kashey
James Mer el



M TRE Cor por ati on
Alex Al stein
Frank Buck
Preston Cratch
Hai m Gabri el i
Dr. Karol Kerns
Dave Sweeney
W1 Iliam Van Canpen

M dwest Systens Research I ncor porated
Mar c Neunei er
M chael Reynol ds

Appreciation is also extended to the staff of the Technical
Facilities D vision, ACN 300, who provided the expertise required
to keep the many NAS test systens operating in order to prepare and
conduct these tests.

Vi



TABLE OF CONTENTS

EXECUTI VE SUWARY

1

| NTRODUCTI ON
1.1 Purpose
1.2 Background

Data Li nk Requirenents

Mode S Data Link

| npact on Controllers and Aircrew
Requi rement for Operational Testing of
Dat a Li nk

PRee
NINENTN
AWN B

1.3 Data Link Test Bed
1.4 Tested Data Link Services
1.5 Oganization of the Report
DATA LI NK CONTROLLER SUBSTUDY
2.1 bjectives
2.1.1 The Data Link Controller Evaluation Program
2.1.2 Prelimnary Mni Studies
2.1.3 pjective of the Operational Eval uation
2.2 Test Approach
2.3 Test Conduct
Subj ect s
Test Configurations for Data Link Services
Test Scenari os

Test Procedures
Data Col | ecti on

NINESTNIN
W W W ww
OarhWNE

2.4 Test Results

Data Link and Voice Radio Activity
Control |l er Wrkl oad of Data Link ATC
Data Link Transm ssion Del ays

Qperational Effectiveness and Controllers
Pr ef erence

NISININS
s
AWNPR

Page

Viii

ADNDNPE =

SN

\‘

© O 00~

10

10
10
11
12
15

17
18
19
21

23



2.4.5 Data Link Enhancenents and Revi si ons 24
2.4.6 Controller Opinions of Data Link and the
Qperational Eval uation 26

TABLE OF CONTENTS (con’t)

Page

2.5 Discussion 27

3. Data Link A rcrew Substudy 27
3.1 bjectives 27

3.2 Test Approach 28

3.3 Test Conduct 29
3.3.1 Subjects 29

3.3.2 Configurations for Data Link Services 30

3.3.3 Test Scenarios 32

3.3.4 Test Procedures 32

3.3.5 Data Collection 34

3.4 Test Results 36
3.4.1 bjective Data 36

3.4.2 Subjective Data 40

3.5 Discussion 43

4, Joint Controller/A rcrew | ssues 45
4.1 Data Link as a Primary Service Delivery Mde 46

4.2 Requirenent for a Downlinked WIlco to ATC Messages 46

4.3 The "Unabl e" Downl i nk 47

4.4 Data Link Del ays 47

4.5 Initial Call 48

4.6 Loss of the "Party Line" 48

4.7 Conditions for Reversion to Voice 49

4.8 D scussion 49

5. Concl usi ons 49
5.1 Controller Substudy 50

5.2 Aircrew Substudy 51

5.3 Joint |ssues 52

6. Recommendati ons 52

Viili



7. References 54

LI ST OF | LLUSTRATI ONS

Fi gure Page
1 Mde S Surveillance and Data Link 3
2 ATC Data Link Test Bed 6
3 Data Link and Voi ce Messages |ssued

by Controllers 19
4 Data Link Controller Wrkl oad 22
5 Pi |l ot/ Orew Response Ti ne 37
6 Wather-Pilot Tinme Data 38

LI ST OF TABLES
TABLE PACGE
1 Pi | ot Experience Summary 30

2 GAT/ B-727 Overall Tine Data 39






EXECUTI VE SUWARY

| NTRCDUCTI ON.

The Federal Aviation Admnistration (FAA) is pursuing an initiative
to develop and inplenent a Data Link system intended to enhance
conmmuni cations between ground-based air traffic control (ATC) and
ai rborne systens. By providing digital information transfer wth
the ability to discretely address individual aircraft, Data Link is
expected to relieve frequency congestion on existing voice radio
channels while increasing the overall safety and productivity of
t he ATC system

In order to insure that the introduction of Data Link will have an
optimal positive inpact on ATC, the FAA is conducting a program of
research to guide system design efforts, evaluate the benefits of
Data Link to ATC, and assess its effects on the air traffic
controllers and aircrews who wll use the system Prelimnary
design studies conpleted during the past year (Talotta, et al.,
1988, 1989) defined the detailed configurations for the initial
group of ATC services and functions scheduled for inplenentation on
Data Link. This report presents the results of the first
operational evaluation of these initial capabilities in a full
scal e, ATC sinulation manned by en route air traffic controllers.
In addition, this report presents the findings of a concurrent
study in which aircrews flying sinmulated aircraft in the ATC
scenarios evaluated the initial services and a prelimnary flight
deck display/control device for Data Li nk conmuni cati ons.

OGBJECTI VES

The general purpose of the air traffic controller substudy was to
assess the inpact of the initial package of Data Link ATC services
and functions in the context of a high fidelity simulation of en
route ATC activity. The specific objectives were to neasure the
beneficial effect of Data Link on voice radio frequency congestion
and to determne the inpact on ATC performance and effectiveness,
controller workload, and controller acceptance. The aircrew
subst udy was designed to evaluate the overall effectiveness of Data
Link communications in aircraft operations both for the ATC
services uplinked by the subjects in the controller substudy, and
for a set of Data Link weather services available by direct aircrew
interaction with simul ated data bases.

DATA LI NK SERVI CES.

Two ATC services and two general Data Link functions were tested in
the controller substudy. The ATC services were altitude assignnment
and transfer of comunication. Data Link procedures for both of
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these services were designed to closely parallel current en route
controller procedures with the addition of a mniml nunber of

keyboard actions. The status of Data Link transactions wth
aircraft were displayed in a Plan View Display (PVD) list and in
the Full Data Block (FDB). Aircraft equipage and uplink

eligibility were indicated by graphic characters in the first field
of the FDB.

The Data Link ATC functions were nenu text and free text. Menu
text permts standard or frequently required ATC nessages to be
stored in a nenu displayed on the PVD and selected for uplink as
required. For the present study, nenu nessages were restricted to
interimaltitude assignnents, sonetinmes conbined with fix crossing
restrictions. Free text provides controllers with the ability to
engage in unconstrained ground-air comunications using typed
keyboard entri es. This function is envisioned primarily as a
backup communi cati ons capability.

In addition to the primary ATC services delivered by the
controllers, the aircrew substudy al so examned a group of weather
services which the pilots could request by direct dowlink to a
dat a base. These servi ces wer e term nal f orecast,
wi nds/tenperatures aloft, surface observation, and Pilot Reports
(PIREPS). The aircrew received and responded to Data Link nessages
on a touch sensitive display.

APPROACH.

The evaluation was conducted in the FAA Technical Center’s Data
Link Test Bed. Two 30-mnute test scenarios presented controllers
with realistic en route ATC problens involving four sectors of
adj acent ai rspace. A mgjority of the aircraft in the scenarios
were sinulated radar targets controlled by sinulation operators.
However, two of the targets in each test run were driven by high
fidelity sinulators representing a large transport aircraft and a
smal | Ceneral Aviation (GA) aircraft. The airliner was manned by
professional aircrews, while the small aircraft was flown by GA
pilots.

The eight en route controllers participated in teans of four in 14
test runs in which Data Link equipage levels of the air traffic
ranged from O (voice radio only) to 20 and 70 percent. |In one of
the runs, average uplink and downlink tinmes were extended to assess
the inpact of “worst case” Data Link conmmunication transm ssion
del ays. Each of the four participating aircrews and the four GA
pilots participated in two Data Link runs and one baseline, voice-
only run.



Control |l er neasures included records of voice and Data Link usage,
ratings of controller workload and service design acceptability,
estimates of operational effectiveness, a wap-up questionnaire,
and extensive debriefing to elicit required Data Link design
nodi fi cati ons. Aircrew neasures evaluated perceptions of the
effectiveness of the services and the usability of the prelimnary
flight deck Data Link Input/Qutput (I/0O device. Times required
for aircrew to detect and respond to Data Link and voi ce nessages
al so were recorded.

PRI MARY RESULTS.

The controller substudy clearly denonstrated the benefit that the
initial group of Data Link services can be expected to have on
relieving frequency congestion of voice radio channels. The
availability of these functions reduced the nunber of controller
voice transmssions by up to 41 percent, and total controller
occupation tinme of the radio frequencies by up to 45 percent (see
figure ES-1). Furthernore, as nore Data Link equipped aircraft
were introduced, there was an apparent increase in the efficiency
of the comunication process as requirenents for repetition of
voi ce nmessages and clarification of clearances were reduced.

The positive inpact of Data Link was not achieved at any observed
loss in ATC performance or controller capability. No critical ATC
incidents were noted during the tests, and controller workload
estimates were statistically identical in the voice and Data Link
conditions (figure ES1). The results also showed that Data Link
transm ssion delays failed to have a negative effect on controller
activities. Al of the specific designs for the Data Link services
were rated as operationally effective and acceptable to
controllers.

The results of the aircrew substudy indicated that initial pilot

perceptions of Data Link were positive and that its inplenentation
woul d enhance the quality of air-ground comuni cations. Additional

findings indicated that the average total tinmes between receipt of

a nessage in the aircraft and the crew response to ATC ranged from
9.8 seconds in the voice conditions to 10.9 seconds in the Data
Li nk condi ti ons.

The workl oad associated with Data Link operations was considered
acceptable to pilots. Furthernore, while the aircrew subjects
indicated further developnent of display formats and crew
coordi nation procedures wll be required, they felt that persistent
Data Link displays will reduce demands on pilot nenory and that
Data Link will be capable of replacing nost functions currently
serviced by voice radio in en route environnents.

RECOMVENDATI ONS.
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Based on the results outlined above, it is recomended that the
initial group of Data Link ATC services be incorporated as
nodifications to current en route ATC software and hardware, and
that they be subjected to operational test and eval uation (OTI&E)

M nor out standi ng design issues and potential enhancenents reveal ed
by the present study should be examned by the Ar Traffic Data
Link Validation Team (ATDLVT) and resolved. It is further
recommended that, because of the success of the operational
eval uation and the positive inpressions expressed by participating
controllers and pilots, research and devel opnent work be expedited
to extend Data Link applications to the full range of en route and
term nal ATC servi ces.

Because the developnent of refined flight deck interfaces has
| agged behind corresponding ground controller work, it is
recommended that additional studies be conducted to facilitate the
integration of Data Link with the aircrew task environnent.

Finally, in order to identify mutually acceptable rules and
procedures which will govern pilot and controller conmunications
using Data Link, it is recommended that a mechanism be created to
pronote rel evant i nteractions between the ATDLVT and a

representative pilot group.
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1. | NTRODUCTI ON.

1.1 PURPCSE.

This docunment presents the results of a Federal Aviation
Adm ni stration (FAA) operational evaluation study of the initial
package of en route air traffic control (ATC) services designed for
inplenentation in the Mode S Data Link system The study enpl oyed
high fidelity, integrated simulations of the ATC and flight deck
environnments involving both en route air traffic controllers and
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pilots. Test trials were conducted to conpare Data Link
conmmuni cations to current voice radi o procedures using neasures of
system effectiveness and productivity as well as controller and
pi | ot performance, workload and accept ance.

1.2 BACKGROUND.

1.2.1 Data Link Requirenents.

The extraordinary increase in comercial and general air traffic in
recent years has begun to tax the practical |imts of the ATC
system in the United States. Because this growh is expected to
continue into the next century, the FAA has devised the National
Airspace System (NAS) Plan to update and enhance ATC technol ogy.

| npl enrentati on of the NAS Plan commenced in 1982 with the prinmary
goals of inproving ATC system safety, increasing its efficiency,
inproving the ability of air traffic controllers to handle
increasing levels of traffic, and reduci ng operational errors.

One of the mgjor factors which constrains the productivity of the
current ATC system is the conmunication channel between the air
traffic controller and the aircraft pilot. Because this voice
radio link operates in a broadcast node between a single controller
and all aircraft contained within the airspace under his control,
frequency congestion rapidly consunmes avail abl e communi cations tine
and reduces system efficiency when the volune of air traffic

I ncreases. In addition, the resulting interference from
simul taneous attenpts by nultiple pilots to contact a controller,
and from other noise factors comon to VHF voice comunications,
increase the possibility of interpretation errors in crowded ATC
envi ronnent s.

A key conponent of the NAS Plan that was devel oped to address the
probl ens of frequency congestion and comuni cations errors is the
ground-air Data Link. 1In general, Data Link provides digital, two-
way conmuni cation between an aircraft and the ATC system  Unlike
voi ce radio, Data Link can offer both automatic error checking of
upl i nks and downl i nks, and a discrete addressing capability so that
an aircraft receives only those communications directed to it by
t he ground system

1.2.2 Mode S Data Link.

The NAS Plan technology which will be used to inplenent Data Link
is the Mbde Sel ect Beacon System (Mode S). Mde S is a secondary
surveillance radar which wll replace the current Ar Traffic
Control Radar Beacon System (ATCRBS). ATCRBS uses a ground-based
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rotating antenna that transmts continuous radio frequency
interrogations to which a transponder equipped aircraft wll
respond. The replies provide the ATC system with an aircraft
identification code or the aircraft altitude. Aircraft |ocation
information is derived fromthe rotational position of the antenna
and the transponder delay at the tine a reply is received.

Mbde S will provide the sane functions as ATCRBS, but will do so
nore accurately while offering the additional capabilities of a
Dat a Li nk. These enhancenents are possible because each aircraft

will be assigned a unique address code which will be used in the
systenmis interrogations to select only the requested aircraft to
respond. Figure 1 illustrates the primary airborne and ground-

based conponents of Mde S.

Because of its flexibility and | arge capacity, the Mdde S Data Link
will be a primary enabling technology for the final phases of the
NAS Plan which call for high levels of automation and direct
comuni cati on between ground-based conputers and aircraft avionics.

In addition, however, Data Link holds the potential for enhancing
the ATC system in both the near term and the nore distant future
by providing controllers and aircrew with a second neans of
conducting essential communications that can be used to relieve the
growi ng burden on the voice channel.

1.2.3 Inpact on Controllers and Aircrew.

The primary way in which Data Link can inprove the safety and
efficiency of ATC is through its potential positive inpact on the
tasks of the human operators in the system The first service to
be provided by Data Link will be automated delivery of weather
information to aircraft. Pilots will benefit from this service
because it wll provide weather data on demand which often wll be
nore current and relevant than the information currently avail able
via voice radio requests. In addition, this service should
favorably affect controller task load by elimnating any
requirenment to verbally relay weather data to aircraft, thereby
allowng them to concentrate on the primary duty of mnaintaining
aircraft separation.

Beyond the enhancenents that wll be achieved by renoving weather
communi cations from the voice radio channel, even nore significant
i nprovenents will be possible through the delivery of primary ATC
services using Data Link. ATC instructions such as transfer of
communi cation, altitude assignnments and headi ng changes currently
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formthe bulk of radio transm ssions which contribute to frequency
congestion. Wth a dual channel communications systemit wll be
possible to transfer many of these essential nmessages to Data Link,
while reserving voice radio for tine-critical instructions. Thus,
controllers should be able to circunvent situations where the voice
channel is unavailable for issuing inportant directions. Likew se,
pilots stand to benefit from uplinked ATC cl earances because they
will be required to nonitor fewer radio transm ssions for nessages
directed to their aircraft. Furthernore, because Data Link wll
provide digital information to the avionics display system pilots
wi || have an accurate and recallable record of uplinked cl earances.
This feature should reduce the pilot's nenory |load and reduce
m sinterpretation of nmessages, requests for repeats of
instructions, and possible flight control errors.

A final potential advantage of Data Link for both the airborne and
ground-based participants in the ATC system will accrue fromits
application as a general secondary conmunications channel. The
availability of Data Link for energency communications required
because of radio failures, mstuned radios, and blocking of
channel s by inadvertently actuated m crophone switches will provide
both pilots and controllers with a "safety net" that is unavail able
in the current system

1.2.4 Requirenment for Qperational Testing of Data Link.

As noted above, Data Link offers a nunber of technical features
whi ch have the capability to enhance the safety and productivity of

the ATC system However, Data Link also wll profoundly change
both the way in which ATC tasks are acconplished by controllers and
the way 1in which pilots wll receive and respond to ATC

i nstructions. Because of this, the ultimate success of Data Link
is critically dependent on the extent to which it is enployed to
produce a systemthat is fully integrated with the human operators
who will be required to use it.

The goal of the operational evaluation study reported here, and
that of other pilot and controller studies conducted under the Data
Link program is to pronote this human-machi ne integration through
scientific testing of procedures, and pilot-controller interfaces
under simulated ATC and flight conditions. The specific intent of
this program of research and evaluation is to assess the actua
benefit of Data Link to ATC and to insure that these benefits are
not outwei ghed by decrenents in the performance or increases in the
wor kl oad of controllers and aircrew who use the system

1.3 DATA LI NK TEST BED




The research reported in this docunent was conducted in the Data
Link test bed facility located at the FAA Technical Center. The
test bed was assenbled to provide both engineering testing and
evaluation capabilities during controller and pilot in-the-Ioop
si mul ati on. Figure 2 presents a functional diagram of the main
conponents of the test bed and their interconnections.

A central feature of the test bed facility is that it permts
devel opnent and eval uation of Data Link services on actual en route
ATC wor kstations and associ ated conputers rather than on enul ation

syst ens. As a result, subject controllers are able to nake
confident evaluations of the operational feasibility of the tested
servi ces. In addition, the capability to integrate high fidelity

flight sinmulators into the communi cati ons and radar display systens
of the test bed nmakes it possible to elicit simlarly confident
judgnents from pilots, and to examne 1issues involving the
interaction between controllers and pilots.

During each test run of the simulation study described in this
report, subject controllers were presented with sinulated radar
data and ATC system information from the HOST conputer. The
majority of the sinmulated aircraft in the test scenarios were
controlled fromconputer termnals by sinulation operators who al so
provided voice and Data Link responses to the air traffic
controllers.

In addition, two of the aircraft in each scenario were ful
fidelity flight sinmulators linked to the test bed and under the
control of professional and private pilots serving as test
subjects. One of these aircraft was a Boeing 727 sinulator |ocated
at the National Aeronautics and Space Admnistration (NASA) Anes
Research Center in California and manned by commercial airline
flight crews. The second was a GAT-2 general aviation simlator
located at the FAA Technical Center and controlled by private
pilots.

1.4 TESTED DATA LI NK SERVI CES

The initial package of services scheduled for inplenentation in the
Data Link system and tested in this study includes weather
information and four ATC services and functions. These ATC
services and functions are altitude assignment, transfer of
conmmuni cation, menu text and free text.

The altitude assignment service wll transmt digital altitude
clearances to an aircraft display as a substitute for the voice
radio clearance wused in the current system Transfer of

communi cation is presently acconplished by a voice contact with a
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pilot following a transfer of control between two sectors. Usi ng
Data Link, a digital message containing the new radio frequency
will be prepared automatically when the transfer of control is
accept ed. The transferring controller wll then uplink the new
frequency to the aircraft before it crosses the sector boundary.
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Menu text is a general Data Link function which wll permt
standard or frequently required ATC nessages to be stored in a nenu
formon the controller's display. These common cl earances can then
be uplinked as needed by designating the appropriate nmenu item
For the operational evaluation, nenu text was incorporated into the
altitude assignnent service to provide uplinks of repetitively
required interimaltitudes and fix crossings restrictions.

Free text will provide controllers with a capability to engage in
unconstrained ground-air communications wth Data Link equipped
aircraft using typed keyboard entries. This service wll permt

controllers to conpose and wuplink textual nmessages, thereby
provi di ng an energency back-up channel for voice transm ssions.

In the present study, controllers used the four ATC services and
functions described above to provide pilots with radio frequency
changes, unconstrained free text messages and altitude clearances

whi ch, when sent via nenu text, could include crossing
restrictions. The aircraft Data Link displays were touch-
sensitive, light emtting diode (LED) wunits which presented

clearance and weather information and received mnanual response
inputs for dowmnlink to the controllers. Additional pilot inputs to
the unit were used for display nanagenent and issuing weather
requests. As intended in the Data Link system design, the weather
service involved direct interaction between the pilots and a
weat her data base. Since the controllers did not participate in
t hese transactions, they did not eval uate the weather service.

1.4 CORGANI ZATI ON OF THE REPORT.

The follow ng sections of this report present the detailed results,
conclusions and recomendations derived from the operational
eval uation study. Because sonewhat different issues were addressed
from the two perspectives, individual chapters are devoted to the
design and results of the controller (section 2) and aircrew
(section 3) substudies. Section 4 enphasizes those results of both
substudi es which bear on joint aircrew and controller issues.

Section 5 presents the overall conclusions of both substudies, and



section 6 lists the recomendations for future work that were
derived fromthe operational evaluation

Al'l appendi xes referenced in sections 2 through 4 are contained in
volunme Il of this report.

2. DATA LI NK CONTROLLER SUBSTUDY.

2.1 GOBJECTI VES

2.1.1 The Data Link Controller Evaluation Program

The overall test plan for controller evaluation of Data Link ATC
services calls for research to achieve two najor objectives.
First, the results of controller studies nust determne the design
of operational procedures, data display methods and controller
inputs for each of the subject services. Second, these studies
must also evaluate the inpact of Data Link services on overall
operational ATC system performance and insure that they are
acceptable to controllers and fully wuseable in operationa
envi ronment s.

In order to address both of these objectives in an efficient
manner, a two-stage process was devised to evaluate individual
groups of Data Link services as they are developed. In the first
st age, highly controll ed, part-task sinmulation studies are
conducted to reduce the nunber of potential service design

alternatives to a reasonable set. These "mni" studies focus on
formal testing of display and procedural options rather than on
high fidelity simulation of the ATC environnent. The primary

criteria for option evaluation in the mni studies are neasures of
projected controller workload and acceptance. These netrics are
suppl enented by structured di scussions and design critique sessions
conducted to elicit expert controller opinions.

In the second stage of the evaluation process, operational
eval uation studies are planned to exercise the finalized designs in
the context of full-scale ATC sinulations. The general goals of
the operational evaluation stage are to confirmthe optimality of
the design for each Data Link service, and to verify the projected
benefits of Data Link under various realistic operational
condi ti ons.

2.1.2 Prelimnary Controller Mni Studies.

In accordance with this test plan, two mni design studies and
several design generation and critique sessions were conducted on
the initial package of Data Link services with en route air traffic
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controllers from the Dallas/Ft. Wrth Ar Route Traffic Control
Center (ARTCC), and with the recently formed Air Traffic Data Link
Val idation Team (ATDLVT). These iterative research efforts
exam ned basic display and procedural issues and produced designs
for the transfer of communication, altitude assignnent, nenu text
and free text services.

Conpl ete docunentation of the results of these mni studies is
contained in two FAA Technical Center reports (Talotta, et al.,

1988, 1989). Particularly noteworthy findings of the studies
included strongly positive controller responses to Data Link and
the individual services that were eval uated. Specific results

produced nodified display designs which present the status of
ongoi ng Data Link transactions in both a list formon the Plan View
Display (PVD), and in an abbreviated formin the Full Data Bl ock
(FDB). Controller inputs fromthe studies also contributed to the
evol ution of service designs which mnimze keyboard and trackbal
entries with automatic preparation and del eti on of nessages.
Procedurally, the controllers who participated in the mni studies
preferred service delivery nethods which were designed to be as
simlar as possible to current ATC practices. In addition, the
controllers supported the use of Data Link as a primary service
delivery node rather than as a confirmatory followup to voice
cl ear ances.

As dictated by the results, all designs require a downlinked
"WLCO' response frompilots to conplete a transaction. Finally,
while automatic procedures were considered useful by the test
subjects, the findings of the mni studies also revealed a
requirement to design a ngjority of the services with a capability
for controllers to mintain manual control over the specific
destination for entries into the system (e.g. to the pilot, to the
NAS data base, to the FDB display, or any conbination of the
three), and over the time at which an uplink occurs.

2.1.3 bjective of the Operational Eval uation.

The research reported in this docunent represents the culmnation
of the series of studies conducted on the initial package of Data
Li nk ATC services and functions. As mandated by the test plan

this study was designed to assess the optinmality of the services
devel oped during the mni studies in the context of a high fidelity
simulation of en route ATC activity. The specific objectives of
the study were to assess the projected beneficial inpact of Data
Li nk on voi ce frequency congestion, and to determne the effects of
the introduction of the initial package of Data Link services on
operational ATC system performance, controller workload, and
controller acceptance. The operational tests described in
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succeedi ng portions of this section of the report eval uated each of
these factors in two realistic test scenarios, and under aircraft
Data Link equipage levels representing both early and | ate stages
of system i npl ement ati on.

2.2 TEST APPROACH.

The approach that was adopted to neet the objectives of this
operational evaluation involved the participation of eight en route
air traffic controllers in a series of 30 mnute ATC test scenari os
presented at the workstations in the Data Link test bed. Each test
run required a subgroup of four of the controllers to actively
control traffic in adjacent sectors of en route airspace. The two
test scenarios provided realistic ATC problens involving the
novenent of traffic between two airports, clinbing and descendi ng
aircraft, departing and arriving aircraft, handling interfering
overflight traffic, and nmerging of different streans of traffic
into a single air route.

During each test run, objective data were automatically collected
on controller usage of voice frequencies and Data Link. Follow ng
each test, the subjects provided quantitative workload ratings and
reports of any incidents that may have affected the safety or
efficiency of ATC during the run. In addition, after conpleting
al | t est runs, the subjects rated both the operational
effectiveness and acceptability of each of the four service
designs. Post-test debriefing sessions were used to el aborate and
explain the results obtained in the test bed, and to conplete a
W ap- up questionnaire.

The rationale underlying the test design was to create a series of
realistic ATC test conditions in which it would be possible to
eval uate the predicted benefits of the Data Link services in terns
of their effect on voice frequency usage in conparison to current
voi ce-only conditions. Measures of controller workload, system
effectiveness and wuser acceptance were enployed to determ ne
whet her any neasured benefits of Data Link would be potentially
out wei ghed by correspondi ng "costs" to ATC system perfornmance.

2.3 TEST CONDUCT.

2.3.1 Subjects.

The subjects for this study were eight en route air traffic
controllers from the Anchorage, A evel and, Menphi s, M am,
Dallas/Ft. Wrth, and Washington ARTCC s. Al but two of the
subjects were current, full performance |evel (FPL) controllers.
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The FPL subjects had an average of 11.2 years of experience with a
range of 2.5 to 33 years.

Two of the subjects had participated in earlier Data Link mn
study evaluations. The renaining six subjects had not received any
formal exposure to the specific Data Link service designs or
procedures tested in the present study prior to their participation
in the operational evaluation.

2.3.2 Test Configurations for Data Link Services.

As noted earlier in this section of the report, the displays,
controller inputs, and procedures for the four Data Link services
tested in this study were based on the findings of prelimnary mni
studi es and design generation neetings conducted wth controllers

at the FAA Technical Center. |In accordance with those results, The
Data Link transaction list was |located on the PVD rather than a
peripheral display. |In addition, for transfer of communication and

altitude assignnment, a FDB display of key transaction states was
provided. The FDB al so contained a Data Link equi page synbol which
identified those aircraft capable of receiving uplinks, and
indicated whether a controller was eligible to uplink to the
aircraft. FEigibility for both Data Link and voice comunications
was transferred to a receiving controller after a transfer of
communi cation uplink had been received from a sending controller
and acknow edged by a pilot via a downlink.

Al titude assignnents were acconplished by entering the information
to the NAS data base in the same manner as this system update is
currently acconpli shed. If the controller chose to uplink the
assignnent, the entry was preceded by an "S' to initiate the
transacti on. For this study, the inplenentation of nenu text was
used only in conjunction with tenporary altitude assignnents.

Fi xed nenus containing appropriate tenporary altitudes and crossing
restrictions were prepared prior to the study and displayed on the
PVD. Controllers selected specific nessages using the trackball or
by typing the nessage's letter code. Free text nessages were
conposed on the controller's keyboard in real time and uplinked by
a single key stroke.

Detailed descriptions of the procedures and display formats for
each of the Data Link ATC services outlined above are docunented in
appendi x A

2.3.3 Test Scenari os.

Three basic scenarios were created for the operational evaluation
st udy. One of these was a training scenario used only during
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initial famliarization sessions designed to teach the subjects the
procedures for conposing and transmtting Data Link nmessages. The
remai ning two scenarios were test scenarios used during the data
collection runs. Al scenarios used the Universal Data Set (UDS)
adaptation of the en route HOST system UDS is a fictional

airspace which includes a variety of air routes and geographica

features. UDS was chosen in lieu of an actual site adaptation to
avoid any effects of prelimnary differences anong the subjects in
famliarity with the test air space. Fi xes and sector boundaries
were selected from UDS to create the air routes used in the three
scenarios. Appendi x A presents detail ed docunentation and maps for
all versions of the three basic scenarios enployed in the study. A
brief description of the scenarios is presented bel ow.

The training scenarios contained two routes carrying traffic
between airports arbitrarily defined as Philadel phia and Atlantic
Gty. One of the routes was used for outbound traffic from
Phi | adel phi a which departed through a Iow altitude sector, crossed
two high altitude sectors, and descended to a low altitude sector
to arrive at Atlantic city. The second route conpleted the | oop
between the two airports, traversing the sane sectors in the

opposite direction. Two versions of the training scenario were
presented to the subjects. In one of these, all 24 aircraft were
Data Link equipped. In the second version, only 70 percent of the

45 aircraft were Data Link equipped. Furthernmore, in this version
of the scenario the additional 21 aircraft were traveling on two
overflight routes designed to conflict with the inter-airport
traffic.

Test scenario 1 was topologically simlar to the training scenario,
presenting a circular routing between two airports. However, both
the conplexity of the routes and the traffic vol une were increased.
Twenty-four of the aircraft traveled the routes between the
airports, while the remaining 39 were overflights traveling four
different routes which conflicted with the primary flow

Test scenario 2 presented two separate flows of air traffic which
operated i ndependently of one other. The first flow simulated two,
approximately parallel departure routes from an airport through a
low altitude sector and into a high altitude sector. A total of 45
aircraft interacted in this traffic flow with 12 traveling over
each departure route and 21 conflicting with the flow on 3
intersecting overflight routes. The second of the two traffic
flows represented an arrival problem in which tw streans of
traffic were to be nmerged over a fix in a high altitude sector and
descended in a single stream through a low altitude sector. A
total of 33 aircraft interacted in this traffic flow with 26
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traveling over the arrival routes and 7 over a conflicting
overflight route which passed through the Iow altitude sector.

Both of the test scenarios were used in conditions in which al
conmmuni cations were conducted wth voice radio, and in which 20 and
70 percent of the aircraft were Data Link equipped. In addition to
the sinmulated aircraft tracks described above, both of the nmanned
aircraft simulators used in the aircrew substudy participated in
the test scenarios. Section 3 of this report includes a
description of the flight paths traversed by these aircraft.

2.3.4 Test Procedures.

The operational evaluation study was conducted over a period of 5

days. The first day was devoted to subject pre-briefing and
training. Days 2 and 3 were used for simulation runs in the Data
Link test bed. Additional data were <collected during the

debriefing sessions which occurred on the final tw days of the
st udy.

The prebriefing session began with a series of short presentations
designed to acquaint the subject controllers wth the general
concept of Data Link, the overall Data Link test plan, and the four
ATC services under evaluation. Al presentations regarding the ATC
services were conducted by a subgroup of four controllers fromthe
ATDLVT who had participated in the design of the Data Link services
and in the devel opnment of the test scenari os.

G assroom training on the procedures used to deliver each of the
services was followed by a briefing on the nmeasures that were to be
used during the test sessions. This briefing explained all rating
scales that the controllers would be asked to conplete, and
di scussed the neasures of voice radio and Data Link activity that
woul d be collected automatically by the simulation system

The final 4 hours of Day 1 were devoted to training in the data
Link test bed. Each subject received approximately two hours of
hands-on experience with the detailed Data Link procedures that had
been described during the pre-briefings. During the training
session the subjects controlled air traffic in the training
scenari os under the guidance of ATDLVT nenbers who were thoroughly
famliar with the system Training was term nated when the ATDLVT
menbers judged that the subjects had achieved a sufficient |evel of
expertise to control air traffic in the two test scenarios. It
should be noted that in order to avoid over exposure to the test
scenarios, the subjects did not receive explicit training wth
t hese scenarios during the training session. Thus, other than the
opportunity to inspect route maps prior to the start of testing,
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the subjects' first experience with the test scenarios occurred
during actual data collection.

Data collection in the test bed occurred on Days 2 and 3 wth one
subgroup of four of the subjects participating as controllers on
each day. Each subgroup conpl eted seven data collection runs. The
first four runs enployed test scenario 1 while the last three runs
were conducted with test scenario 2. The primary independent
variable which differentiated the test runs was the level of Data
Link equipage for the aircraft sinulated in the test scenarios.
One run under each scenario was conducted under current conditions
with no Data Link equipped aircraft. This test was included as a
conparative baseline against which the Data Link runs could be
eval uat ed. The remaining runs for each scenario presented two
| evel s of partial equipage in the sinulated aircraft popul ation
In the |low equipage condition, 20 percent of the aircraft were
designated as Data Link equipped to produce an ATC environnent
simlar to that expected during relatively early stages of
inplenentation of the Data Link system In the high equipage
condition, 70 percent of the aircraft in each scenario had Data
Link capability in order to sinmulate a nore advanced stage of
system i npl enent ati on.

For all partial equipage test runs, Data Link equipped aircraft
were identified by an equi page synbol located in the first position
of the first line in the corresponding FDB (see Appendix A). The
test controllers were instructed to use Data Link to communicate
with these aircraft whenever appropriate and possible, but to use
their personal judgenent in switching to voice transmssions if
necessary.

In addition to the primary conparison of two levels of Data Link
equi page to the baseline, voice-only condition, the test sessions
included an evaluation of the potential inpact of Data Link
transm ssi on del ay. For both subgroups of subjects, the fourth
run under test scenario 1 was a second test of the 70 percent |evel
of Data Link equipage. It differed fromthe first presentation of
this condition only in the average tinme delay between the
initiation of an uplink to its receipt by the airborne system and
from the initiation of a pilot dowlink to its receipt by the
ground system

Because the Mbde S systemis a narrow beam radar, these technica
delay times wll be determned by the rotation speed of the
antenna. Wile all other test runs were conducted using a 6-second
assuned rotation period, the extended delay run doubled this tine
to 12 seconds. Adding a 1-second conputer processing tinme, these
paraneters yielded an average uplink delay of 4 seconds (ranging
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from 1 to 7 seconds) for the normal conditions, and an average
uplink delay of 7 seconds (ranging from 1l to 13 seconds) for the
"wor st case" extended delay condition.

For downlinks, Mde S delays will be partially dependent on the
latency of the pilot's response to an uplink. If this response
time is less than the tine taken for a single scan, then the
average downlink delay wll be approximately equal to the scan
peri od. However, if pilot responses are |onger, downlink delays
will increase in even multiples of the scan period. Thus, for the
present study, pilot responses which occurred in less than 6
seconds after nessage receipt were received by controllers in 6
seconds in the normal delay conditions. However, a simlar
response latency in the extended delay condition resulted in a 12
second wait for receipt of the downlink.

In all Data Link test runs, the sinulation system was designed so
that 5 percent of uplinks attenpted by the controllers would not be
conpleted due to a technical failure. This outcone required the
subjects either to resend the nessage or contact the pilot by voice
radio, at their discretion. A though the actual rate of technica

acknow edgenent failure is predicted to be nmuch lower in the Mbde S
system the 5 percent |level was used in this study to increase the
subj ects' experience with potential uplink problens. In addition
to technical failures, if a sinulation operator acting as a pilot,

or either of the two aircraft sinmulator pilots failed to respond to
an uplink wthin 40 seconds after it had been technically
acknowl edged by the sinulated airborne processor, the controller
received a "FAIL" nessage. This outcone required the sane
controller response as a failed techni cal acknow edgenent.

The order of presentation that was used for the seven test runs in
each of the two controller subgroups is shown bel ow

O der Scenario Data Link Equi page Del ay
Subgroup 1 1 1 Basel i ne (0) Nor mal
2 1 70% Nor rral
3 1 20% Nor mal
4 1 70% Ext ended
5 2 20% Nor mal
6 2 70% Nor mal
7 2 Basel i ne (0) Nor mal
O der Scenario Data Link Equipage Del ay
Subgroup 2
1 1 20% Nor rral
2 1 70% Nor rral
3 1 Basel i ne (0) Nor mal
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4 1 70% Ext ended

5 2 Basel i ne (0) Nor mal

6 2 70% Nor mal

7 2 20% Nor rral
As shown above, all subjects controlled traffic in scenario 1 first
and in scenario 2 |ast. Furthernore, the extended delay run
occurred in the fourth position of the test sequence for both
subgr oups. However, the order of presentation for the baseline

voice radio only condition and the 20 percent Data Link condition
was partially counterbal anced across subgroups and scenarios. This
alternation of baseline runs and Data Link runs as the first and
last conditions wthin a scenario was introduced to the
experinmental design in order to allow for independent statistica
evaluation the effects of scenario famliarity and Data Link
equi page on control |l er workl oad.

2.3.5 Data Collection.

Both objective and quantified subjective neasures were collected
during the test bed sinulation sessions. In order to assess the
impact of introducing Data Link to the ATC environnent, and to
estimate its effect on frequency congestion, the sinulation system
conputers automatically recorded data on voice radio and Data Link
usage. For each sinulation run, the test bed voice conmunications
system detected and recorded all m crophone switch activations and
deactivations initiated by the subject controllers on the aircraft
conmmuni cations channel s. Analysis software applied to the
recordings tallied the nunber of activation-deactivation events in
each test condition as well as the duration of each of these
events.

Simlar recordings of Data Link transactions provided indices of
t he nunber and types of services uplinked during each test run. As
noted wearlier, a mjority of these transactions were wth
sinmulation operators acting as pilots in the |aboratory. Because
these individuals were not qualified aircrew and were not engaged
in realistic flight tasks, their latencies for WLCO downlinks
were not valid estinmates of the response tinmes for pilots. Thus,
no recordings were nmade of the tine required by the sinulation
operators to conplete the delivery of a Data Link servi ce.
However, this paraneter was assessed for the transactions with the
aircrew who flew the flight simulators in each test run. The
met hods used for collecting these data and the results that were
obtained are described in the section 3 of this docunent (A rcrew
Subst udy) .
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A break of approximately 15 mnutes was scheduled at the end of
each sinmulation run in order to permt each subject to rate the
| evel of workl oad experienced during the prior period and to record
any comments regarding the test. Controller workload was neasured
usi ng the Subjective Wrkload Assessnent Techni que (SWAT). SWAT is
a workload rating and scaling system which was developed in the
early 1980's by the US Ar Force as a standardized nethod for
obtaining quantified estimates of perceived workload in a broad
variety of occupational tasks. SWAT has received extensive use in
sinmulation and operational testing environments wthin the
Departnent of Defense, and was used successfully with air traffic
controllers during the prelimnary Data Link m ni studies.

Briefly, SWAT consists of a set of three, three point rating scales
referring to the dinensions of tinme load, nental effort, and
psychol ogi cal stress. Subjects indicate the workload of a session
of activity by marking the appropriate points on each scale. A
uni que feature of SWAT is that these ordinal ratings are converted
to single points on an interval neasurenent scale ranging from O
(1 ow workl oad) to 100 (high workl oad) using a mathematical anal ysis
met hod known as conjoint neasurenent. This nmethod not only vyields
data which are anenable to powerful, paranetric statistica

testing, but also tailors the neasurenent scale to each
individual's (or honbgeneous group's) concept of how the tineg,

effort and stress dinensions conbine to produce an overall

per ception of worKkl oad.

The interval neasurenent scale used to interpret the ordinal
ratings is created by having subjects generate an ordering of all
27 conbinations of the time, effort, and stress levels which
reflects their individual concept of how the three dinensions
conbine to produce different workload |evels. The card sorting
task used during this scale devel opnent exercise was conpl eted by
all eight controller subjects during the prebriefing session on
the first day of the study. A copy of the SWAT scal e used by the
subjects to nmake their workload ratings and a transcript of the
instructions for the card sort task are included in appendi x B.

After conmpleting the SWAT rating for the previous test run,
subjects were given an opportunity to wite comments on their
rationale for the rating. In addition, a "critical incident" form
was provided to permt subjects to record any ATC events that had
occurred during the prior test run which would have conprom sed
operational safety or efficiency.

| mredi ately after each subject had conpleted all seven test runs of
the study, they were asked to conplete a set of two rating scales
for the four tested Data Link services. The first of these scales
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required a rating of the operational effectiveness and suitability
of the specific design for a service. The data formpermtted the
subject to rate a service as "not operationally suitable" or on a
7-point scale ranging from "1" (highly effective in neeting al
requirenents for this ATC service) to "7" (nmeets mninal
ef fectiveness requirenents). Instructions to the controllers for
conpleting this scale asked them to use their experience in the
test bed, as well as their prior background in operational ATC to
assess how wel|l each service design could acconplish its intended
task in the full range of en route field settings.

The second rating was an estimate of the acceptability and
preferability of each of the service designs to air traffic
controllers. The data form permtted the subjects to rate a
service design as "conpletely unacceptable"” or on a 7-point scale
ranging from "1" (highly preferred) to "7" (acceptable, but not
preferred). Instructions directed the subjects to consider the
extent to which the controller displays, data input requirenents
and procedures used to deliver a service would be useable by air
traffic controllers in field settings.

Additional explicit instructions indicated that the dinensions of
effectiveness and preference should be nade independently of one
another since a service mght include all function needed to neet
oper at i onal requirements and be poorly suited to the way
controllers normally perform their duties. Li kewi se, a design
could be easy to use but have mssing functions which prevent it
from meeting operational needs.

Days 4 and 5 of the study were devoted to debriefing sessions. All
eight controllers participated in these group sessions in a
conference room setting with test personnel in attendance. The
subjects first conpleted a wap-up questionnaire containing itens
requiring nunerical, or di nal | evel ratings, and/or witten
comment s. The questionnaire addressed specific details of the
designs for the four Data Link services, the general inpact of Data
Link on ATC, and the subjects' inpressions of the quality of the
oper ational eval uation study.

After conpleting the individual wap-up questionnaires, the
subjects participated in a structured discussion session designed
to elicit final conmrents on the Data Link system This session was
gui ded by test personnel using issues and questions presented on
overhead projection slides. Hard copies of the slides were
provided to the subjects to record individual coments. The
content of the verbal discussions was recorded in test personnel
notes and on audio tape for later review
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2.4 TEST RESULTS.

The detailed results obtained with the data collection nethods
described in section 2.3.5 are contained in four of the appendi xes

to this report. Anal yses of the workload, oper at i onal
effectiveness, and controller preference ratings are presented in
appendi x B. Records of voice and Data Link transm ssions are
contained in appendix C Finally, the results of the group

debriefing discussions and of the wap-up questionnaire are
presented i n appendi xes D and E, respectively.

This section of the report draws upon the contents of all four
appendi xes to address findings which are pertinent to each of the
foll ow ng topics.

2.4.1 Data Link and Voice Radio Activity.

A primary goal of Data Link is to enhance ATC productivity and
safety by reducing its dependence on congested voice radio
frequency channels for conmuni cations between air traffic
controllers and aircrew. In order to estimate the extent to which
i npl enentation of the initial package of four Data Link services
and functions will provide this benefit, detailed records were nade
of both voice and Data Link transactions during all simulation test
runs in this study.

For the baseline runs in which only voice radi o communi cati ons were
used, <controllers conpleted an average total of 422 voice
transacti ons. Thus, each individual controller engaged in an
average of approxi mately 105 sequences of m crophone activation and
deactivation during a 30-mnute test run. The average duration of
each voice sequence was 3.8 seconds, representing a total average
channel occupation tinme of 1591 seconds per test run. It should be
noted that these tinmes do not include the additional contribution
to frequency congestion of pilot responses to controllers or of
pilot-initiated comruni cations.

The inpact of introducing Data Link on these baseline conmunication

levels is summarized in figure 3. As illustrated by this graph, in
the |ow equipage condition where only 20 percent of the total
aircraft in the scenarios were eligible for Data Link

communi cations, the availability of the transfer of conmmunication
altitude assignment and text functions reduced total voice
transmssions by 25 percent. This produced a corresponding
reduction in total radio channel occupation tinme of 28 percent.

Simlarly, in the high equipage condition where 70 percent of the
aircraft were eligible for uplinks, the availability of the initial
Data Link services reduced voice transm ssions by 41 percent, while
radi o channel occupation tinme dropped 45 percent. It should be
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noted that the 25 percent decrease in voice transm ssions observed
for the 20 percent Data Link equipage |level may be an inflated
estimate attributable to an overall decrease in the anount of
communi cations which occurred as controllers becane increasingly
famliar with the test scenarios (see appendix C.
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FIGURE 3. DATA LI NK AND VO CE MESSAGE | SSUED BY CONTROLLERS
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The change in Data Link activity which acconpani ed the reduction in
voice radio usage in the two mxed equipage conditions is also
presented in figure 3. When exam ning these data, the reader
should be aware that while voice activity was neasured in terns of
i ndi vidual mcrophone activations, of which several may have been
required to deliver an ATC clearance, Data Link activity was
assessed by tallying conplete transactions. Thus, the sinple
nunbers of transactions in the two comunications nodes cannot be
directly conpared. Nevertheless, the direction and proportional
degree of change in the two indices provide interpretable neasures
of the relative results.

As shown in figure 3, the reduction in voice frequency usage was
generally mrrored by an increase in the enploynent of Data Link.

However, if the total nunber of both voice and Data Link
transmssions in the mxed equi page conditions are examned, it can
be seen that there was an overall decrease in conmunications

activity in conparison to the baseline, voice-only tests. Thi s
result indicates that, in addition to its inpact on frequency
congestion, Data Link nmay provide an overall increase in the

efficiency of communication. One likely source of this inprovenent
may be the reduction in requirenents for repeats of clearances that
often are required when voice transmssions are msinterpreted on
t he radi o channel .

Anal yses of the way in which Data Link was enpl oyed during the test
runs showed that transfer of communication accounted for 29 percent
of the service deliveries, while altitude assignnents accounted for
57 percent of the transm ssions. Hard altitudes and interim
altitudes sent using nenu text accounted for approxinmately equa

proportions of the altitude assignnent uplinks. Free text nessages
conprised the remaining 14 percent of Data Link transm ssions.

A final inplication of these measurenents was derived by exam ning
Data Link usage over tinme in the test scenarios. Analyses of the
density of air traffic in the scenarios showed that the nunber of
aircraft handled by each controller increased steadily from the
early to the later portions of a test run. A simlar inspection of
Data Link activity showed that uplinks tended to increase at the
sane rate as did traffic levels. This finding indicates that the
Data Link system was equally effective and useable by controllers
across the full range of traffic loads tested in the study.

2.4.2 Controller Wrkload of Data Link ATC

In order to determne whether the positive benefit of Data Link
that was observed in this study had been achieved at a cost to ATC
system capabilities or air traffic controller performance, neasures
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of ATC safety and controller workload were also exam ned. The
quality of ATC performance obtained in this study was assessed
using controller comrents on critical incidents that were recorded
after each test trial. As noted in appendix B, these reports
detected no aircraft separation errors or other safety related
events in any of the test runs. Thus, no losses in ATC capability
were apparent with Data Link.

Wil e neasures of system performance provide valuable indices of
the safety and efficiency of ATC, they can be relatively
insensitive to the long termeffects of changes to the system when
assessed in a relatively brief series of sinulation runs. Thi s
insensitivity is partially attributable to the ability of human
operators to conpensate for possible system deficiencies in the
short term by increasing their level of effort expenditure.
Because of this, nore sensitive predictive neasures of ATC
capability were obtained by evaluating the perceived workload of
the air traffic controller.

In the present study, the SWAT rating and scaling technique was
used to conpare controller workload in the baseline, voice only
conditions and in the m xed equi page Data Link test runs. Figure 4
presents the nmean SWAT wor kl oad scores produced by the subjects in
these conditions for both of the test scenarios. Statistical
evaluation of these data revealed no significant differences
between the workload of the voice radio trials and either of the
two Data Link equi page conditions. As described in appendix B, the
single statistically significant effect detected in these tests was
the contribution of scenario famliarity to controller workload.
That is, workload tended to be higher for initial tests with a
scenario than later tests, regardless of whether Data Link or ful
voi ce procedures were used.

The results of the workload analysis also showed no differences
between the 20 and 70 percent Data Link equipage |evels. One
hypot hesis that had been considered during the devel opnent of the
initial service package was that controller workload nmay be high
during the initial stages of Data Link inplenentation when
relatively few aircraft will be equipped with Mde S transponders
and Data Link capabilities. This hypothesis was based on the
concept that it may be extrenely difficult for controllers to nove
from famliar voice procedures to the new Data Link procedures in

order to service a snmall portion of the aircraft fleet. The
workload results of the present study did not support this
hypot hesi s. In addition, witten comrents recorded between test

trials indicated that the level of Data Link equipage had no
apparent effect on controller tasks, and that no problens were
encountered in shifting between the two communications systens
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either because of non-equipage, or to engage in expedient
communi cations with Data Link equi pped aircraft.

2.4.3 Data Link Transm ssion Del ays.
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The speed with which Mdde S Link transactions can occur will be
partially dependent upon the rotation period of the surveillance
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radar antenna. This technical characteristic wll produce a
variable lag in the transm ssion of uplinks or downlinks which wll
range from nearly instantaneous to several seconds. Since, in
conparison, voice transmssions on a clear radio channel are not
subjected to such potential delays, an inportant issue in
operational evaluation research is to determ ne whether expected
t echni cal Data Link delays are tolerable by air traffic
controllers.

In the present study, both predicted delays for a 6 second antenna
rotation period and a worst case 12 second period were investigated
under the 70 percent level of aircraft equipage. No differences in
ATC performance were detected for the two delay conditions.
Furthernore, SWAT workl oad ratings reveal ed no differences between
the workloads experienced by the test controllers in the two
conditions. Comments recorded after the extended delay test trials
and the results of the wap-up questionnaire also indicated that
the additional delays had no effect on the subjects.

2.4.4 (Qperational Effectiveness and Controller Preference.

In addition to the direct neasures of the inpact of Data Link on
ATC activity and controller resources that were collected in the
test bed, a variety of subjective nmeasures were used to exam ne
control l er perceptions of the specific designs of the four services
that were evaluated in this study.

Two rating instruments were admnistered imrediately after the
subjects had conpleted the seven test trials in order to obtain
gl obal evaluations of the operational effectiveness and useability
of each service. As shown in appendix B, none of the service
designs were rated "not operationally suitable" by any of the test
subjects. Furthernore, the designs for transfer of conmunication

altitude assignnent, and nmenu text were all rated significantly

hi gher than the scale mdpoint, indicating that they contained
nost, or all features required to support a full range of
operational situations. Wiile free text was rated | ower than the

other three services, it was not rated significantly poorer than
"meeting nost operational requirenents”.

Ratings of controller acceptance and preference for the service
designs also were uniformy high. None of the subjects indicated
that the procedures, manual inputs or displays used to provide any
of the services would be conpletely unacceptable to field air
traffic controllers. In addition, the transfer of comunication,
altitude assignnment and menu text designs were all rated higher
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than "noderately preferred". Free text was not rated as being
significantly different than this scal e m dpoint.

The conparatively |lower effectiveness and preference ratings
assigned to free text appear to be largely attributable to specific
experiences with this service that a nunber of subjects reported
during the test bed sessions. Al though free text was designed
primarily for use in energency situations where voi ce conmuni cation
is lost, sonme subjects experinmented with using free text as a
met hod for sending ATC clearances such as heading changes. I N
doing so, the subjects noted that the excessive keyboard
requi rements of entering conplete text nessages, as well as the
potential for input errors, would nmake free text unsuitable for

i ssuing clearances under normal conditions. In light of these
coments, it seens likely that the design of the unconstrained free
text service wll be as effective and acceptable as the other
tested services, if 1its wuse is confined to the exceptional

situations for which it was i ntended.

2.4.5 Data Li nk Enhancenents and Revi si ons.

Al t hough, as shown above, the Data Link service designs were
general ly considered suitable and acceptable for inplenentation in
the ATC system a nunber of suggested enhancenents to service
delivery procedures, displays and inputs were received from the
test controllers in witten coments and in responses to the
structured debriefing interview. These suggested inprovenents are
described in detail in appendixes B and D, and are sunmarized
bel ow.

I ndi vidual controllers offered several coments relevant to the
design of Data Link displays. Since the shift of sone
communi cations responsibilities from the auditory to the visua
channel entails different controller nonitoring denmands, these
inputs predictably centered around potential inprovenents in the
ease wWith which Data Link information presented on the PVD can be
detected and interpreted. Suggestions included changes to the
synbol ogy used to indicate Data Link equipage and eligibility.
Wiile the tested dianond and hourglass indicators presented in the
first position of the first line of the FDB were apparently
acceptable to nost subjects, sone of the controllers felt that they
m ght be confusable with graphic synbols that have been used in en
route displays for other purposes. In addition, one controller
noted that the change from the dianond to the hourglass synbol
indicating a controller's eligibility to send wuplinks to an
equi pped aircraft, should be a nore salient event.
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Previous mni study results had shown that controllers would
require a FDB display of key Data Link transaction states, as well
as a nore conplete status list to reduce the visual workload of
nmonitoring ongoing Data Link events. Comments regarding the FDB

presentation indicated that the display duration of 6 seconds for a
pilot's downlinked "wlco" response nmay be too short to ensure
detection. Several subjects also noted that the PVD list display
becane cluttered and difficult to read when several transactions
were in progress during the sinulation runs. Suggestions to
alleviate this problemincluded the possibility of using a separate
list for transfer of communication transactions, or limting the
list content to only those transactions which had fail ed because of
techni cal problens or the absence of a tinely pilot response.

The procedural issues which appeared in controller comments and
debriefing discussions addressed both operational procedures for
use of the Data Link service and specific service design
requirements. As noted earlier, the subjects concurred that, for
safety purposes, operational procedures wll be required to
restrict the use of free text to energency conmunications and
other, noncritical comunications. In addition, operationa

procedures will have to be specified to define the conditions under
which controllers in adjacent sectors wll be permtted to issue
Data Link clearances while a transfer of comunication is in
progr ess. Wth respect to interactions with aircrew, the test
controllers agreed that a standard procedure wll be needed to
cover the situation where a pilot is unable to conply with an ATC
instruction issued via Data Link. GCenerally, the controllers felt
that a downlinked "unable" response was insufficient in this
contingency, and that a voice radio call to the controller should
acconpany, or be substituted for, the "unable" response. The
controllers also concurred that the pilot's voice radio check-in
call to a new controller could be elimnated after a Data Link
transfer of communicati on.

Finally, the controllers enphasized a requirenent to identify
procedures for assigning sone Data Link duties to a radar associate
("D-side") controller. Wile the operational evaluation study did
not address the possibility of allocating Data Link tasks to other
menbers of a control team the subjects indicated that it would be
feasible for the radar associate to provide transfer of
conmmuni cation services, and to conpose lengthy free text nessages.

Further specific comments addressed the detail ed procedures used to
deliver individual Data Link services. Early mni study research
had indicated that while a transfer of communication nessage could
be generated automatically after a receiving controller had
accepted a transfer of control, the wuplink of the new radio
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frequency should not occur until the sending controller has nade an
explicit input. This manual uplink procedure was needed to nake it
possible for <controllers to conplete the transfer of control
procedure prior to relinquishing voice contact with an aircraft.
Controllers in the present study agreed with this design feature,
but indicated that an automatic uplink could be used in sone
special situations where the transfer of control and transfer of
communi cation events repetitively occur at the sane tinme. Thus, it
was suggested that manual wuplinks would be the normal, default
procedure, but that provision be nmade for the selection of the
automatic feature.

M nor changes to the design of the nmenu text service for altitude

assignnments al so were recommended. In the current design, separate
keyboard entries are used to select "hard" altitude assignnents and
interim altitudes. In the case of interim altitudes this input

gives the controller access to the nmenu of standardized nessages
for sinplified uplink. One type of nessage contained in the nenu
automatically uplinks a final altitude previously requested by the
pilot, or a standardized final altitude. Because these special
menu entries do not represent interim altitudes, it was suggested
that these itens be contained in a nenu which is accessed by
pressing the hard altitude key, rather than the interim altitude
key.

A second conmmon conment regarding the nmenu text service was that
the itens be extended to include nore conmpound clearances. 1In the
tested design, the nenu itens included an altitude as well as a
geographical fix crossing restriction in sone cases. Si nce even
| onger conpound nessages are comobnly sent in a single voice
transmssion in the current ATC system the controllers suggested
that it be possible to expand nenu itens to include such things as
st andard headi ngs.

A final comment provided by several of the controllers was that
Data Link should not be limted to the services provided in the
initial package tested in this study. Rather, it was suggested
that the system be rapidly enhanced to provide the full range of
ATC services currently delivered over voice radi o channels.

2.4.6 Controller Qpinions of Data Link and the Qperational
Eval uati on.

In agreenment with the findings of previous mni studies, the
controllers who participated in this operational evaluation were
extrenmely positive about the inpact that Data Link will have on ATC
in the NAS O 17 unsolicited witten comments on the overal
effect of Data Link that were recorded during the test sessions

30



all referred to significant benefits to the controller. The nost
common remarks included reduced frequency congestion, |owered
requirenments to nonitor and respond to voice read-backs and pil ot
check-in, and an increase in the accuracy of communication. In
addition, the results of the wap-up questionnaire indicated that
the controllers predicted Data Link wll have significantly
positive effects on the overall safety and efficiency of ATC
system capacity and control |l er workl oad.

In evaluating the quality of the operational evaluation study, the
realism of the simulation received varied ratings, wth sone
controllers indicating that the sinulation scenarios could have
been nore varied and conpl ex. However, despite sone inherent
limtations of +the sinmulation environment, average controller
ratings of the traffic in the two test scenarios were "noderate"
and only slightly below the | evel where the subjects indicated that
a Dcontroller would have been required in an actual operationa
setting to assist the radar controller. In addition, the
controllers agreed that Data Link training had been sufficient, and
that they had received sufficient experience wth each of the
tested services to nake a fair evaluation of the system

2.5 D SCUSSI O\

The conbined findings of the air traffic control portion of the
operational evaluation study clearly confirnmed the feasibility of
inplenenting the initial package of en route Data Link ATC
servi ces. As defined by the results of the prelimnary mn

studies, the service designs were shown to produce a significant
reduction in voice radio frequency congestion in the context of
realistic, manned simnulations of ATC activity. Furthernmore, this
evaluation indicated that the substitution of Data Link for voice
comuni cation procedures wll not adversely affect controller
wor kl oad, and that the service designs would be both operationally
effective and acceptable to controllers in a broad range of ATC
envi ronnent s.

In addition to denonstrating the viability and potential benefits
of introducing Data Link to the contenporary ATC system the
operational evaluation also presented on opportunity to collect
controller inputs regarding additional refinenments to the service
desi gns. Because these comments and suggestions were nmade in the
context of a previously untested level of sinmulation realism they
should prove invaluable during final design iterations. Specific
recommendations derived from these inputs appear in section 6 of
this report.

3. DATA LI NK Al RCREW SUBSTUDY
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This section of the report docunents an investigation into pilot
perception and acceptance of the concept of using Data Link in
lieu of voice for sonme ATC and weather (WK) services. As a
conceptual investigation, it was constrained to readily avail able
equi pnment which could be easily adapted to this purpose.

3.1 OBJECTI VES.

The objective of the operational evaluation was to conduct an
initial (early) exploration of the concept of using Data Link in
lieu of voice for sone of the communi cations between the aircrew
and ground. Both objective and subjective neasures of
ef fectiveness were enployed. Cbj ective neasures were various
time intervals associated wth requesting, receiving and
reviewing Data Link obtained information. Subj ective neasures
wer e obtained from post-test questionnaires.

The essence of the Data Link programis to change the way pilots
and controllers interact. Thus, the mjor focus for the
evaluation was that interaction. The major question to be
answered was whether aircraft operations are enhanced by
altering, through Data Link, the way information is exchanged.
3.2 TEST APPROACH

The aircrew operational evaluation was viewed as prelimnary
research to provide guidance for followon research and systens
desi gn. The aim was to depict pilot performance in the context

of the whole ground-air Data Link system The operational
evaluation placed pilots and air traffic controllers into
realistic interaction by sinulating their tasks. The primry

i ndependent variable of interest was the comunication source
i.e., Data Link vs. voice. A portion of the information which
is currently transmtted by radio was transmtted through the
Dat a Link system

The pilot's tasks were to evaluate four WK and two ATC services
that were exercised wunder sinulated Data Link and voice
envi ronnent s. Various tine intervals such as request creation
tinme, systemtine, response |atency, and nessage processing tinme
were neasured to assess the difference between the two
condi ti ons. Subj ective neasures in the form of post-test
guestionnaires provided additional data as to the effectiveness
of the Data Link system

The pilot tasks were acconplished in two aircraft sinulators.

One of these was the General Aviation Trainer (GAT), which is
housed at the FAA Technical Center. The other was a sinul ator of
the Boeing 727 (B-727) aircraft, which is located at the Ames
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Research  Center of the National Aeronautics and Space
Adm nistration (NASA), Mffett Field, California. The GAT
facility consists of a Cessna 421 notion-base simulator. A
vi sual system was not used in the evaluation. The B-727 at NASA
AMES is housed in the Mn Vehicl e Systens Research inmulator

(MVSRS) facility. The system is a 6° of freedom notion-base
design with a high-fidelity out-the-w ndow visual system

Each run was a flight in a sinulated airspace which could be
heavily populated with sinmulated aircraft. Each pilot/crew fl ew
three runs, two of which were Data Link, the other traditiona
voi ce communi cati ons. An evaluation team made up of hunman
factors engineers and pilots briefed/trained the subject pilots
prior to data collection exercises. During each run an
experienced pilot acted as an inflight observer. The inflight
observer at each location (FAA and NASA) was responsible for
answering subject-pilot questions regarding the sinulators,
flight test scenarios, and any other pilot-specific questions
made by the subject pilots. During the data runs the inflight
observer used a cueing sheet to cue the subject pilots on
services and, as necessary, the type of response required for a
given service and/or the appropriate procedure to be followed.
The inflight observers observed the data runs and provided
comments on the subject pilot's operation of Data Link.

Two general aviation and two airline oriented flight scenarios
were created for the evaluation. Various ATC and weather
services were exercised in the data runs. oj ective data
consi sted of response tinme neasures subjective data were obtained
in an extensive questionnaire.

3.3 TEST CONDUCT.

3.3.1 Subjects.

The pilot subjects were selected in such a way that General
Aviation pilots flew the GAT, and current airline flight deck
crews (Captain and First Oficer) flew the 727 sinul ator. For
the FAA GAT, 4 Ceneral Aviation pilots participated and for the
NASA 727, 4 airline crews partici pated.

FAA personnel solicited the Aircraft Owmers and Pilots
Associ ation (AOPA) for assistance in providing general aviation
pilots. Airline type pilots were obtained through a NASA Anes
subject pilot/crew pool. Al pilots were sinulator experienced A
summary of pilot experience is presented in table 1. Each
designated pilot subject was contacted by telephone to obtain
assurance of availability on the schedul ed days.
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An information packet was prepared and mailed to each crew pil ot
schedul ed to participate. Thi s packet described Data Link, the
nature and purpose of the test, schedule, and what was to be
acconpl i shed on each day of the schedul e.

3.3.2 Configurations for Data Link Services.

3.3.2.1 Display Interface.

The approach to the Data Link pilot interface was an al phanuneric
touch sensitive input/output (I/O device from the Tel edyne

Controls Corporation. The Teledyne Interactive D splay Unit
(IDU) is designed to display twenty characters on each of nine
l'ines. A matrix of infrared beans is wused to permt an

interactive capability. The nunber of touch sensitive areas can
be controlled by programmng and can vary from one area
enconpassi ng the whole screen (or any part) to as nmany as twenty
abutting rectangul ar areas. As inplenented, touching a finger to
one of the designated areas causes the display in that area to
switch to reverse video presentation. Renoving the finger from
the display triggers activation of the function cited in that
ar ea. The Tel edyne display output was the conventional ASCI
character set with special nodifications to accommobdate unique
di splay characters. Also, an audible alert was presented to alert
the aircrew that a Data Link nmessage was received in the cockpit.
O her engineering specifications on the Tel edyne can be found in
appendix G Display brightness is either automatically

Table 1. Pilot Experience Summary

General Aviation

Appr ox.
Total Hours Aircraft
1 2500 E-2 T-34, etc
2 1100 Cl82 PA-28, etc
3 4950 C- 421 Aero Commander,
Piper Twin E, etc.
4 1825 BE100 PA-31 DAC-6, etc.
Aver age = 2600 Hours
Airline
Appr ox.
Total Hours Aircraft Primary Rol e
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Crew 1

Capt ai n 20000 B- 727 Captain & F/ O
First officer 5500 B- 727 F/ O
Crew 2
Capt ai n 5000 B- 727 Capt ai n
First officer 25000 B- 727 Captain
Crew 3
Capt ai n 6000 B- 727 Capt ai n
First officer N A N A N A
Crew 4
Capt ai n 16000 B- 727 Captain & F/ O
B- 737
B- 747
First officer 8000 B- 727 F/ O
DC- 10

Average = 12200

n/a = not avail abl e

controlled with an anmbient light sensor or manually adjusted by
t he di spl ay user

The Teledyne display was installed in the NASA B-727 in the
weat her radar position. The Tel edyne display was installed on
the GAT instrunment panel, centered between the pilot and copil ot
position. Photos of the display in each cockpit are provided in
appendi x G

3.3.2.2 Data Link Services.

The package of services for the airborne evaluation included two
ATC and four weather services. The ground/controller evaluation
i ncluded two additional ATC functions: nmenu text and free text.

The nenu text function facilitates the pre-recording and
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transm ssion of repetitive ground-to-air nessages. The free text
function could provide one line (up to 20 characters) of brief
instructions (ground-to-air, only). For the purposes of the
ai rborne eval uati on menu t ext provi ded t he sanme
information/instruction to the pilot as did the altitude
assignnment, therefore data on these two services were conbi ned.
A brief description of each of the tested services is presented
bel ow. Details on format characteristics and switching logic are
described in appendi x G

3.3.2.2.1 Wather.

Term nal Forecast (FT) - A 24-hour prognosis of weather
conditions within the imediate vicinity of a selected |ocation;
includes ky and ceiling, visibility, weather, obstructions to
Vi si on, cl oud heights, and whether visual or instrunent

condi tions are expect ed.

W nds/ Tenperatures Al oft (FD) - A report of projected w nds and
tenperatures for a range of altitudes; includes w nd speed, w nd
direction, and tenperature.

Surface Cbservation (SA) - A report of current ground weather at
a selected station; includes sky conditions, ceiling, visibility,
weat her, obstructions to vision, wind direction/speed, altineter
setting, and additional remarks.

Pilot Reports (PIREPS) (UA) - Pilot reports of inflight
conditions which may include information on sky cover, flight
visibility, flight weather, and indications of icing or

t ur bul ence, etc.
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3.3.2.2.2 Ar Traffic Control.

Altitude Assignnent - An ATC command to change to assigned
al titude. The comand may also contain time or crossing
references and, if required, an altineter setting.

Frequency Change (or transfer of communication) - An ATC command
to a pilot to change to a new traffic control agency/center
frequency.

3.3.3 Test Scenari os.

The sinmulated airspace for the operational evaluation was a

section of the FAA Universal Data Set (UDS). The UDS is a
fictitious airspace created to allow sinulations of the National
Airspace System (NAS). Four experinental scenarios (two for GAT

and two for the 727) were created for this evaluation and are
di scussed briefly bel ow.

In test scenario 1, 64 sinulated aircraft flew in the UDS. The
GAT (designated N8417P), which flew at low altitudes (12,000 feet
and below) was one of the 64 aircraft. The remaining aircraft
(it ncluding the NASA B-727, designated EAL55, Eastern Airlines)
were strictly high altitude types (between 12,000 and 27,000
feet). Six different airways were used by the aircraft in this
scenari o.

Test scenario 2 contained 78 aircraft, 1 of which was the GAT and
1 the NASA B-727. The GAT was, again, the only low altitude
aircraft. Nine different airways were used by the aircraft in
this scenario.

Each data run consuned approximtely 30 mnutes of operating
tinme. Tinme between each data run was approximtely 15-20
m nut es. Detail ed descriptions of the GAT and B-727 scenarios
are provided in appendi x F.

3.3.4 Test Procedures.

3.3.4.1 Training.

The subject pilots initially received a conplete briefing on the
sinmulator they were to fly. Afterwards they were briefed on the
evaluation and trained on the Data Link system Questions were
encouraged to insure conplete understanding of all aspects of the
eval uation and systens invol ved.

3.3.4.2 Testing.
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Prior to each data run, the subject pilot/crew was given flight
plan materials (dispatch papers) as required and infornmed of the
run details (start tinme, scenario nunber, voice or Data Link).
During the runs the subjects were cued to nmake specific weather
requests; the ATC type nessages were acted upon as required. The
scenario descriptions in appendix F, describe the events in
detail. An attenpt was nmade to exercise each of the four weather
services during each run. The nunber and type of ATC nessages
were, however, variable. A breakdown of the services exercised
in each run is provide in appendi x H

The GAT pilot was responsible for both flying the sinulator and
operating the Data Link system The B-727 portion of the
evaluation was wunique in that a two-person crew flew the
simulator (the inflight observer sat in the Second Oficer/Flight
Engi neer seat). The Captain was responsible for flying the
sinmulator while the First Oficer (F/O operated the Data Link
system The Captains were asked to nonitor the operation of Data
Link to the extent safe operation of the aircraft would allow

The test was conducted over 2 days. Six data runs were conpleted

each day at each location for a total of 24 runs. Each
pilot/crew flew three runs; two with Data Link and one using
voice (as a baseline control condition). The count erbal anced

sequence of runs and conditions is presented bel ow The ground
Data Link group also allowed tine for up to four supplenental
runs. The airborne group at NASA participated in one of these
runs because of a technical problemin a data run. The airborne
group at the FAA Technical Center participated in tw of these
runs (for additional data, no technical problens occurred).

Random zed Run Sequence

Pilot/Crew # Voi ce/ Dat a Li nk Scenari o
Voi ce
Dat a Li nk
Dat a Li nk
Dat a Li nk
Dat a Li nk
Voi ce
Dat a Li nk
Dat a Li nk
Voi ce
Voi ce
Dat a Li nk
Dat a Li nk

&
=

@OO\IO?U'I-&OOI\)H‘
AR WWWNNNRERRERE
NNNFRPFRPEPNMNMNNNR R
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3.3.5 Data Coll ection.

3.3.5.1 (bjective Data.

The objective neasures of performance during the evaluation were

various tinme intervals. A graphic representation of the
specified tinme intervals and an exanple script of voice-weather
transactions is included in appendix H. Definitions of the

critical time intervals (in both Data Link and voice) follow
The inflight observers observed the operation of the system and
obvious errors/difficulties on the part of the subjects were
not ed.

The aircrew substudy was planned to provide data on the
performance of pilots with a prototype Data Link interface system
in the context of realistic ATC Data Link simnulation. The tinme
intervals were defined in such a way as to provide baseline data
to allow detailed conparisons wth evolving displays and
control s.

3.3.5.1.1 Time Interval Definitions

3.3.5.1.1.1 Wather

a. MCT - Message Creation Tine.

Voice - The interval begins with the pilot activating
the mke switch (PTT-Push to Tal k-ON), during which a request for
weat her is made, and ends when the pilot releases the mke swtch
(PTT- OFF).

Data Link - The interval begins when pilot touches one
of four WX products on the MAIN nenu; included is the tine
required in selecting the appropriate LOCID. The interval ends
upon touching "SEND' in the LOCI D nenu.

b. ST - System Ti ne.

Voice - The interval begins wth the release of the
mke switch in MCT and ends with the FSS/ Flight Watch rel ease of
the mke switch after announcing that WK is available, i.e., "

have your request, over."
Data Link - The interval begins with touching "SEND' in
MCT and ends when "Touch for WK Message" is displayed. Thi s
interval includes sinulated random Data Link transm ssion del ays.
C. RL - Response Latency.
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Response | atency denotes that this interval may not be
readily describable as a reaction tine. From t he standpoint of
pilot performance, there is a difference between receiving the
voi ce nmessage and receiving the one on a controllable visual

di spl ay. The voice nessage did not persist, but the visual
di splay remained until the pilot did sonmething about it. The
response | atency neasure acknow edges that pilot performance may
be quite different wth a stable display. Pilots are usually

performng a variety of tasks at any given tinme. Wen sone new
stinmulus appears, they my not be free to attend to it
i mredi atel y. Instead they tend to put the new stinmulus in a
gueue to be attended to as current priorities dictate. It is
useful for later uses to maintain a separate identity for the
| at ency dat a.

Voice - The interval begins with the FSS/ Flight Watch
release of mke switch and ends when the pilot presses mke
switch to announce, "Yes, Flight Watch, go ahead."

Data Link - The interval begins with the annunciation
of "Touch for WK Message" and ends when the pilot touches the
pronpt "Touch for WX Message."

d. MPT - Message Processing Tine

Voice - The interval Dbegins when FSS/ Flight Wtch
activates the mke to "read" the WK nessage to the pilot and ends
when FSS rel eases the mke after reading the conpl ete nessage.
Any repeats of information required added to the tine as

appropri ate.

Data Link - The interval begins with the appearance of
requested weather on the screen and ends when the pilot touches
MAI' N nmenu.

3.3.5.1.1.2 Air Traffic Control.

a. RL - Response Latency.
Voice - No counterpart to Data Link
Data Link - The interval begins when "Touch for ATC
Message" appears on the display and ends when the pilot touches
the pronpt "Touch for ATC Message."

b. WUT - W/ co/ Unabl e Response Ti ne.

40



Voice - The interval begins with controller's PTT-ON
(during which the ATC instruction is delivered) and ends with the
pilot's release of the mke switch after acknow edging the
instruction. |If the pilot requested a "SAY AGAIN', this tinme was
i ncl uded.

Data Link - The interval begins with the appearance of
the ATC Instruction on the display screen and ends wth the touch
of WLCO or UNABLE.

3.3.5.2 Subjective Dat a.

Subj ecti ve dat a wer e col |l ected in a post - eval uati on
guestionnaire. The questions asked of the subject pilots were
grouped around each particular service provided. As the subject
pilots/crews were conpleting the questionnaire, a human factors
engi neer was avail able to answer questions and/or discuss issues.
In addition to the questionnaires, a debriefing session was held
with the GAT subject pilots, controllers and, experinmenters. This
session was held the day after data collection via a tel ephone
conference call. The B-727 crews were unable to participate due
to schedule constraints. The B-727 crews were given the
opportunity to debrief with this sane group imediately after
their data collection runs were conpl ete.

3.4 TEST RESULTS.

The data presented are from 24 data runs; 12 runs each by general
aviation and airline pilots. The data presented are specific to
the flight deck. Controller/ground oriented data are presented
in section 2.

It should be noted that when nore than one request for a given
weat her service was acconplished in a single run, the data were
not considered in the analysis to ensure balance. The B-727 run
2 data were gathered from a supplenental type run because of a
technical problemin actual run 2.

3.4.1 (bjective Dat a.

Various tinme intervals were neasured and subsequently reduced
into descriptive statistics to show neans and variability.
Br eakdowns according to pilot type (general aviation or airline),
scenario type, and COW type (Data Link or voice) wll be
provi ded. Note that in the ATC voice condition, no response
l|atency is definable. No inferential tests were conducted on the
time data because of the small sanple size (nunber of pilots and
runs).
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Figure 5 presents the pilot tinme response data for overall ATC WIco
or Unable (WU) time differences between Data Link and voice by GAT
and B-727. The overall weather/pilot response tinme data by Data Link
and voice (by GAT and B-727) are presented in figure 6. The overall
time data (average and standard deviation) for WK/ ATC for GAT and B-
727 are presented in table 2. Time data for each individual ATC and
WK service are provided in appendi x H.

3.4.2 Subjective Data.

The questionnaire was admnistered to four general aviation pilots
and four airline crews. A total of 12 questionnaires was obtained.

The questionnaire was divided into three parts: ATC Services
(questions 1-11); WK Services (questions 12-19); and, Overall
(questions 20-30). The nunerical average (Avg) and standard

deviation (Std) was cal culated for each rating type answer. The Avg
and Std was calculated for the GAT group, the B-727 group, and the
conmbi nation of groups. The standard rating scale used in many of the
questions is presented bel ow

DATA LINK

CREW RESPONSE TIME
Response Latency plus Wilco/Unable Time

16

Time Seconds

GAT AA B-727 AA GAT FC B-727 FC GAT FT B-727 FT

Crew Response Time

BGATRL BGATWUT MEB-727RL  EB-727 WUT
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AA - Altitude Assignnent
FC - Frequency Change
FT - Free Text

FIGURE 5. PILOT/ CREW RESPONSE Tl MVE
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DATALINK VS. VOICE
Overall - Weather

Time Seconds

MCT ST RL MPT
Time Interval

HEDATALINK - GAT BEDATALINK - B-727 OVOICE - GAT BEVOICE - B-727

FI GURE 6. WEATHER-PI LOT TI ME DATA
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B-727

GAT
B- 727

GAT
B-727

GAT
B- 727

nfa =

TABLE 2.

GAT/ B- 727 OVERALL TI ME DATA

Time in Seconds

Dat a Li nk - Weat her
MCT st RL
Avg Std Avg St Avg Std
7.6 9.1 14.5 1. 3.6 1.4
7.1 4.1 15.9 4. 3.7 0.7
Voi ce - Weat her
[Yo1) st RL
Avg Std Avg St Avg Std
7.5 2.6 20.4 1. 2.9 1.1
9.9 3.9 8.4 3.6 2.0 0.6
Data Li nk - ATC
RL vt
Avg Std Avg Std
3.7 0.6 5.8 1.8
4.4 3.8 7.9 3.3
Voi ce - ATC
RL vt
Avg Std Avg Std
n/ a 9.9 3.1
9.7 5.0

Not applicabl e
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STANDARD SCALE

- Very good, no changes are necessary

- Good, a few m nor changes are necessary

- Fairly good, a nunber of m nor changes are necessary
Fair, both m nor and nmj or changes are necessary

- Fairly poor, a few maj or changes are necessary

- Poor, a nunber of mgjor changes are necessary

- Very poor, a conplete redesign is necessary

PNWhrAOOIO N
1

The follow ng three sections summarize the individual sections of
the questionnaire. Detailed analysis of the subjective results
can be found in appendi x H

3.4.2.1 Specific Results Regarding the ATC Servi ces.

For each ATC Service, altitude assignnent and frequency change,
subject pilot ratings were obtained on six factors: Appearance;
Clutter; Amount of Information; Information Clarity; Anbiguity;
and, Tine to Interpret. On all factors the average ratings were
GO0CD (6) or above wth B-727 pilots rating the factors slightly
| oner than GAT pil ots.

In general, all pilots were satisfied with the auditory
annunci ation of incomng ATC Data Link messages. Two B-727
pilots expressed concerns with high workload situations, and the
startling effect the tone had. O her coments were nade

concerning the tone in a real cockpit, mssing the tones, and
nunber of tones in the present cockpit.

The visual annunciation of ATC Data Link nessages was consi dered
acceptable. One pilot suggested that flashing the entire screen

and providing a Mster Caution, e.g., light would help attract
the pilot's attention. The other pilot suggested a change in
term nol ogy of the ATC nessage pronpt "TOUCH FOR ATC MESSAGE"; he
added that "TOUCH' was not necessary. Negative responses were
obtained for the automatic appearance of ATC nessages, in which
there is no ATC nessage pronpt. Pilots felt that automatic

delivery would be too easy to neglect or mss altogether and
possi bly override an existing nmessage, such as a WK report, which
t hey haven't finished reading.

The "SENT" indication after a WIco or Unable was considered
desirable by alnost all of the pilots. One pilot stated that if
the logic was such that WLCO UNABLE did not disappear until the
system accepted the "SENT" conmand, the display of "SENT" would
be unnecessary. In general, a confirmation that the system
accepted the input was consi dered necessary.
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For both altitude assignnents and frequency changes, the tine one
diverts from flying to operate Data Link was considered
acceptable (or mnimal). One pilot who was undeci ded added that
verbal commands may be quicker in certain situations, e.g.,

instrunment conditions or approach to a busy airport. One pilot
stated that voice comunications also require diversion from
flying (to the sane extent as Data Link) and that, overall, Data

Link is superior to witing clearances, etc.

The ATC Data Link overall design was rated FAIRLY GOOD (5) to

GOCD (6). The comrents were very positive, e.g., "...better than
| thought it would be at this stage of devel opnent”, "l'i ke the
Data Link just the way it is." Suggested changes to the present

design dealt with termnol ogy, nunber of services, information
flowrates, etc.

3.4.2.2 Specific Results Regarding the WK Servi ces.

As with the ATC Services, subject pilots rated each of the four
WK Services: Surface Qobservation, Term nal Forecast, Pilot Report
and Wnd/ Tenp Aloft, using the standard rating scale. In all
eight factors for each service were rated. |In addition to those
factors listed for ATC services in section 3.4.2.1 (excluding
Time to Interpret), Information Retrieval Tine, Time or Valid
Times Concept, and "Return to Min" concept were included. In
general, all average ratings were FAIRLY GOOD or above (>5). The
standard deviations were fairly high, indicating a w der range of
ratings. Several comrents were nmade by the pilots concerning
general format, content, anmount of information, and | ogic.

During Data Link runs requests for WK Services were made through
the Location ldentifier Menu (LOCID). Preselected stations (nmade
by the experinenters) appeared on the LOCID nenu after pilots
requested the WK Service desired from the MAIN nenu. Usi ng the
standard rating scale, the subject pilots rated the LOCI D nenu

on six factors: Menu of LOCID s Concept; Tinme Required to
| nput/ Enter, Possibility for Error, Nunber of "Keystrokes,” LOCID
menu of Location Codes, and LOCID Renaining on Format. The

factors were, in general, rated higher by GAT pilots than B-727
pilots. The LOCID nenu concept and tinme to input factors were
rated lower by B-727 pilots. The menu of LOCI D codes was rated
FAIR (4) by both groups. The comments centered on actual
i npl emrentation, nunber of LOCID s, anmbiguity of LOCID codes, etc.

The "SENT" nessage after touching SEND was considered a very
desirabl e option. The confirmation it provides that the system
is working is critical.
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The logic in which weather information renains on-screen unti
pilot input was considered very desirable. The ability to read

the message nore than once and/or copy it onto paper is
necessary.
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For all weather services, the tinme diverted fromthe flying task
was consi dered acceptable by nost. Al though one pilot felt that
inmproved formats would provide a quicker response and greatly
i nprove the service.

The overall Wather Data Link design was rated FAIRLY GOCD
Problem areas |isted were <centered on the information
presentation, e.g., letter size, anount, etc.

3.4.2.3 CGeneral Overall |ssues.

For both ATC and WK Services, subject pilots were asked to rate
the workload for the services as they appeared during the flight
using the scal e as presented bel ow.

Conpl etely saturated

H gh wor kl oad

Acceptable at all tinmes, not too high OR | ow
Low wor kl oad

Very | ow, bored, need activity

PNWkO

The ATC workload ratings given by GAT pilots (acceptable) were
al nost a full point higher than those given by B-727 pilots (|ow
workload). This may be due to the fact that the GAT pilot was
al one, whereas the B-727 portion utilized a two-person crew.

I ronically, however, the GAT pilots rated the workload | ower for
t he WK Servi ces.

After entering a weather request, the system remained in the
LOCI D nmenu. Upon delivery of the requested service to the Data
Link system a nessage appeared at the bottom of the display

indicating it's availability. Upon touching the area, the
weat her information was presented. The logic flow associated
with the LOCI D nenu/ weat her retrieval was acceptable by all. One

pilot did not want to have to touch to retrieve the weather when
avai | abl e.

3.5 DI SCUSSI ON.

This evaluation represents a significant step toward the
i npl enentation of a useable airborne Data Link system Qualified
pilots were used to exam ne an ATC and WK system in real-tine
si tuations. Thus, <consideration of the inpact upon rea
flightcrews was undertaken at a stage of devel opnent that wll
permt neani ngful response to the needs, desires, limtations of
operational personnel. The results showed that Data Link can be
a tinme saver. However, care nmust be taken, as pointed out by the
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pilots, to avoid introducing new problems (e.g., Vi sua
annunci ation, party line |oss, etc.).

Overall, the data, both objective and subjective, indicate that
Data Link may enhance the comunication |ink between pilots and
the ground (ATC and WX). Al though the nunber of ATC Services was
limted, the objective data may be generalizable across other
routi ne ATC Services. The primary dependent variable (DV) wth
ATC Services, WLCO UNABLE Time, would probably be related to the

conplexity of the instruction. Ther ef or e, for routine
instructions the Data Link - voi ce (W LCO UNABLE) tinme
differences should be conparable to the observed data. Oly

further testing will determne the validity of this assunption.

Exam nation of the ATC time data (WLCO UNABLE Tine) wll show
that, overall and for each service individually (appendix H), the
time to interpret and respond to nessages was shorter with Data
Li nk. This tendency occurred wth both GAT and B-727 pilots.
The Data Link - voice tine differences were consistently |arger
with the GAT pilots. For the GAT, the percentage differences in
WLCO UNABLE tinme between Data Link and voice in altitude
assi gnnent , frequency change, and free text cases were
respectively, 40, 43, 36, and 38. Conversely, the B-727 tinme
data indicate percentage differences of only 18, 33, 7 and 5.

This difference in favor of the GAT pilots should be interpreted

cautiously. It is frequently a m stake for external observers to
attach inportance to a particular tinme neasure of aircrew
per f or mance. One nust first determne whether the aircrew

menbers thenselves felt that performance tine to be inportant.
Pilots have many duties to perform Any particular function is
attended to in the context of all the other things to be done.
One particular function nmay seem inportant to the external
observer, but the pilot tends to select out those of highest
priority at the nmoment. How quickly they do performa particular
function may not be related to how quickly they can performit.

The experinmenters did make sonme observations about pil ot behavior
during the test runs. Contrary to instructions, a few of the B-
727 pilots would act on an ATC command before pressing WLCO (or
UNABLE), e.g., they would change the altitude hold setting of the
autopilot or change the voice radio frequency, then WLCO the
nmessage. The larger response tines nay be related to the "two-
person” operation. In a single-pilot operation, the pilot is the
only human conponent. Conversely, in the airline case, the First
Oficer nust decipher the nessage, then vocalize it to the
Captain who then makes a decision, tells the First Oficer to
either WLCO or UNABLE. The airline environnment results in an
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addi tional conponent in the information loop, i.e., the First
Oficer is not present in the single-pilot environment. The crew
coordi nation process (in this test) appears to have added to the
response tine.

The weather data are not as conclusive as the ATC data.
Exam nation of the overall data will show that nessage creation
times (MCT), were essentially equal (Data Link vs. voice, GAT vs.
B-727). The B-727 voice condition took slightly longer. The DV
of overall nessage processing time (MPT) favors Data Link (both
GAT and B-727). The Data Link-voice MPT tine differences for GAT
and B-727 are, 42 and 12 percent, respectively. The response
| atency DV favors Voice, both GAT and B-727.

System tine for Data Link was essentially equal between GAT and

B- 727. System tinme for voice between GAT and B-727 was
considerably different. This difference is related to the fact
the voice weather canme from two different individuals. The

individuals were to receive the request, wait for approximately
10-15 seconds (as if getting the information from an on-line
conputer), then read the information to the pilot. I ndi vi dua
differences in wait tine probably account for this tine
di fference.

The DV's, M, and MT are considered nost critical in this
di scussi on because they are pilot specific. The Response Latency
(RL) variable is pilot specific; but, because of the small tines
involved, is not as critical (in the test engineers' opinions).

G ven this assunption, further exam nation of the GAT data wl|
show MCT essentially the sane in Data Link and voice overall and

in each of the services individually. GAT MPT differences
between Data Link and voice are relatively |arge. Per cent age
differences, for MT overall, termnal forecasts, surface

observations, w nd/tenperature, and PIREP' s were 42, 51, 37, 35,
41, respectively.

Agai n, accepting the above criticality assunption, exam nation of
the B-727 data will show that MCT overall with voice requires 28
percent nore time than Data Link. For termnal forecasts,
surface observations and wind/tenp al oft, respectively, the voice
condition required 49, 19, and 38 percent nore tine than Data

Li nk. B-727 MPT percentage difference between Data Link and
voice for overall termnal forecasts, surface observations, and
w nd/tenperatures were 12, 20, 7 and 32, respectively. There

were no voice PIREP s acconplished by the B-727 pilots.

In examning the tine data, consideration nust be given to the
fact that eight Data Link runs and four voice runs were
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acconpl i shed. This inequality in nunber of runs may contribute
to the differences. Al so, one nust be careful of GAT B-727
conpari sons because (a) the GAT and B-727 flew in two different
altitude/traffic environnents, and (b) the B-727 tinme data were
obtained from a non-flying operator of Data Link; whereas, the
GAT pilot flew and operated Data Link.

A point for the reader to consider in evaluating the weather tine
data, specifically, mnessage creation tinme, is presented. In a
voi ce environnent, where an aircraft only has one radio, a
frequency change to a Flight Service Station (Flight Wtch) nust
occur. Conversely, in Data Link, the pilot sinply inputs the
request . The point -- nessage creation tine in voice could
justifiably be defined as the tinme fromwhen the pilot starts the
request to ATC to be off the air (obtaining weather) through
changi ng the frequency, and finally calling for the weather. |If
this definition of nessage creation tinme were accepted, instead
of the definition applied to the data (defined earlier in this
report), the difference in tine would be enphasized. The authors
chose the conservative definition in analyzing the data to avoid
possi ble differences of opinion. Nonet hel ess, the point is
presented for consideration.

O her points to consider are: a limted nunber of services were
presented thus limting judgnents on workload (as in a fully
i npl emrented system; the frequency of voice callbacks to clarify
information which resulted in |onger WLCO UNABLE tine, and
equi pnent constraints |limted the system capability. Despite
these constraints, there were substantial tinme savings for Data
Li nk over voice. This in itself would warrant furtherance of
this concept. |In support of the tine data, pilot perceptions of
the value of Data Link were very positive. Toget her, the tine
data and pilot perceptions enphasize the validity of the Data
Li nk concept.

4. JO NT CONTROLLER Al RCREW | SSUES.

The two substudies presented in this report wused a conmon
simul ation environnent to address human interface and procedural
design issues relevant to the roles of aircrew and air traffic
controllers in producing an effective inplementation of Data
Link. Many of these issues are concerned with problens that are
unique to either the airborne or ground elenents of the system
and are essentially transparent to controllers or their pilot
counterparts working in separated environnents. For this reason

the two substudies were designed and conducted in a relatively
i ndependent manner.
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However, because a significant determ nant of the success of Data
Link wll be the extent to which effective, t wo- way
communi cations can be acconplished, the operational evaluation
al so include neasures and limted debriefing discussions which
enphasi zed the interaction between controllers and pilots that
wi |l occur over this system This section of the report draws
upon the individual results of both substudies, prior findings
from the controller mni studies, and prelimnary contacts with
pil ot organizations to exam ne several joint design issues.

4.1 DATA LINK AS A PRI MARY SERVI CE DELI VERY MODE

Two concepts were originally proposed for the application of Data
Link to the delivery of ATC services. One of these designated
Data Link as a primary delivery node which would act as a
substitute for voice nessages. The alternative approach viewed
Data Link as a secondary node in which a digital uplink would be
redundant with a voice clearance. When both of these concepts
were presented to controllers during the prelimnary mni
studies, the subjects were unaninous in their preference for the
use of Data Link as a primary conmunications nethod which would
be fully interchangeable with voice. The general consensus was
that, in order to reduce frequency congestion and keep controller
wor kl oad within acceptable bounds, Data Link would have to be
sufficiently reliable to elimnate redundant voice nessages. The
sol e precaution suggested by the controllers was that voice radio
| i nkage nust be nmamintained as a back-up to Data Link and as a
means to deliver nessages that are inappropriate for digital
t ransm ssi on. Subsequent studies, including the operational
eval uation, were conducted w thout redundant voice transm ssion
and no controller inputs have been received which contradict this
phi | osophy.

In general, it appears that pilots agree with the use of Data
Link as a primary service delivery nethod. Comments received from
aircrew who participated in the operational evaluation indicated
that Data Link should be able to subserve all conmunication
functions currently perfornmed using voice radio, and that Data
Link can be expected to inprove the accuracy and reduce the
wor kl oad of ground-air comruni cati ons.

4.2 REQU REMENT FOR A DOMLI NKED WLCO TO ATC MESSAGES.

As dictated by the result of the prelimnary controller mni
studies and by current ATC doctrine, the Data Link procedures
used in the operational evaluation study required pilots to
downlink a "wilco" response to confirm receipt of a nessage and
an intent to carry-out the ATC instruction. The controller
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phil osophy behind this requirenent is that a nessage is not
considered delivered to the flight deck unless it is followed by
a confirmatory response. This concept was enbodied in the
software | ogic developed for Data Link by making receipt of the
"W | co" response the key event which updates information about an
aircraft in the NAS data base.

The pilots who participated in the operational evaluation
appeared to agree that the downlinked response is an appropriate
means for indicating their intent to conply wth an ATC
i nstruction. Overall, the response concept received an average
rating of 6.27 (1-7 scale), indicating a high Ilevel of
accept ance.

4.3 THE "UNABLE" DOMNLI NK.

Early controller inputs to the tested designs for Data Link
suggested that the receipt of a downlinked "unable" from an
aircraft as an indication that the pilot could not conply with an

instruction was an insufficient response. Some of the
controllers felt that the capability to send this response should
be elimnated from a Data Link cockpit hardware design. The

rational e underlying this recormmendati on was that the nessage was
uninformative and tinme consumng, and should be replaced by a
procedure requiring an i medi ate radi o contact fromthe pilot.

Informal discussions wth pilots prior to the operationa
eval uation suggested that there could be sone resistance to
elimnating the wunable key, presunably because this would
restrict downlinks to confirmation responses. During the
operational evaluation pilots were instructed to use both the
unabl e downlink and an imediate radio call to the controller to
resol ve any problem Al t hough not directly addressed by any
evaluation instrunents, this procedure for handling exceptions
did not pronpt negative coments fromcontrollers or pilots.

4.4 DATA LI NK DELAYS.

As noted in the results of the controller substudy, Data Link
del ays associated with radar antenna rotation did not affect
controller workload or result in negative comments; even when
these delays were extended to twice those predicted for an
operational Mdde S system \Wiile the tested tinme lags could be
relatively long, controllers appeared to adjust to the system
quite rapidly either by issuing clearances in a nore anticipatory
fashion, or by switching to voice in tinme-critical situations.
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Pilots in the operational evaluation were also largely
unconcerned wth Data Link turn around tinmes for ATC cl earances.
This response was predictable since the aircrew reacts to an ATC
message only after it arrives on the airborne display, and is
unaware of the total delay which transpires fromthe issuance of
a clearance to the receipt of a confirmatory response by the
controller. Nevertheless, the fact that pilots did not notice an
effect of Data Link delays for ATC nessages suggests that these
lags had no negative inpact on the perceived tineliness of
controller instructions.

The pilots did conmment on the delay which elapsed between a
request for weather information and its receipt in the cockpit.
For these services, where the aircrew was cognizant of the ful
cycle of downlinks and uplinks, delays were considered
potentially problematic.

4.5 |INTIAL CALL.

In the current ATC system pilots are required to call the
controller on the newy assigned frequency after they receive a
transfer of conmunication nessage. Controllers who participated
in the design and evaluation of the Data Link transfer of
comuni cati on service have suggested that this initial call could

be elimnated since the pilot wll have a verified, recallable
display of the new radio frequency available in the cockpit at
all tinmes. From the point of view of the controller, renoving

the requirenent for initial call wuld reduce workload while
mai nt ai ni ng positive contact with each aircraft.

I nformal discussions with pilots and unsolicited comments from
t he operational evaluation indicate that aircrews may be somewhat
reluctant to relinquish this radio contact. The general opinion
was that the initial call serves to verify the radio link and
assure the pilot that the aircraft 1is wunder positive ATC

surveillance in the new sector. Controller responses to this
comrent suggest that the initial call only verifies the existence
of the radio link during the call itself, and that, in any case,

the pilot has the back-up assurance of the Data Link connection.

Al t hough no consensus was achieved on this issue, it appears that
the disagreenent may be resolved as pilot confidence in the
integrity and reliability of Data Link is gained during the
system i npl enment ati on process. In the transitional phase, both
controllers and pilots appear to feel that the initial call may
be retained. Additionally, elimnation of the initial call wll
necessitate reconsideration of operational procedures since,
under sone conditions, this transaction is currently required as
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a check on an aircraft's assigned altitude and on the Mde C
readout .

4.6 LOSS OF THE "PARTY LI NE".

A general concern expressed by many pilots in their infornmal
considerations of Data Link and in comments recorded during the
operational evaluation was that this discretely-addressable
communi cations system nmay sacrifice an inportant source of flight
information. Although the ability to receive only those nessages
directed to one's own aircraft will help to elimnate confusion
and the need to nonitor all broadcasted voice transm ssions,
pilots feel that this feature of Data Link could result in the

| oss of a source of general know edge about other air traffic in
the vicinity, and advance information about |ocal weather aloft
and ATC cl earances that can be expected in the near future. For
many pilots this "party line" <currently provided by voice
transm ssions appears to be an inportant basis for maintaining
situation awareness.

Approached with the problem controllers have argued that use of
the incidental information from the party line often can |ead
pilots to take i nappropriate anticipatory action and that, in any
case, a "silent" Data Link environment is wunlikely to be

experienced by pilots in the foreseeable future. In addition
sone controllers have projected that as Data Link begins to
relieve voice frequency congestion, controllers will be able to

use voice to provide pilots with nore direct data to support
their know edge of the current and expected flight environnment.

Pilots also nmade coments regarding possible aneliorating
factors. In particular, they have noted that the inportance of
the party line may dimnish as nore situation data are nmade
available to the cockpit using systens such as Traffic Advisory
and collision Avoidance System (TCAS), or from automatically
uplinked information about surrounding aircraft positions from
t he NAS data base.

4.7 CONDI TIONS FOR REVERSI ON TO VA CE

Al though pilots and controllers agreed that the use of Data Link
for ATC clearances was appropriate, both groups indicated that
there are conditions under which voice radio should be used

exclusively for transmssion of control instructions. The
majority of these situations involved comrunications which were
time-critical, where potenti al Data Link delays nmay be
i ntol erabl e. In addition to energency calls, recomended

conditions for mandatory voice contact included busy term nal
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area final approach and arrival, and other cases where the
pilot's visual attention is focused outside of the aircraft.

While pilots and controllers tended to concur on this issue, it
should also be noted that the speed of Data Link comrunication
and the ease wth which aircrew can interpret and utilize
uplinked information my vary wth the specific Data Link
transm ssion nmedium (e.g., Mbde S vs. satellite) and the design
of cockpit interfaces (e.g., text vs. graphics or synthesized
voi ce). Thus, it is possible that the boundary conditions for
the use of Data Link may changed as these technol ogi es evol ve.

4.8 DI SCUSSI ON.

Exam nation of the data presented in this section of the report
suggests that although controllers and aircrew appear to agree on
many topics, several issues governing ground-air interaction over
Data Link remain unresol ved. Most of these issues appear to be
concerned wth problens that can be addressed through the
devel opnent of jointly determned controller and pi | ot
operational procedures rather than nmajor hardware or software
nodi fications to Data Link.

5. CONCLUSI ONS.

The results of the study presented in this report warrant a
nunmber of concl usions about the ground and airborne conponents of
the Data Link system Concl usions derived from the results of
the controller and aircrew substudies are |listed below in
separate sections. A final conclusion addresses those issues
whi ch inpact the interaction between controllers and pilots.

5.1 CONTROLLER SUBSTUDY.

a. Ceneral perceptions of Data Link recorded during the
operational evaluation were in agreenent with the findings of
earlier mni design studies. The controller participants
indicated that inplenmenting Data Link in operational en route
field environnents will have positive effects on the overall
safety and efficiency of ATC, and on system capacity.

b. The results of the study provided the first enpirica
evidence of the extent to which Data Link can be expected to
alleviate the problem of voice radio frequency congestion in the
ATC system Using only the transfer of conmunication, altitude
assi gnnment, and text functions included in the initial Data Link
service package, individual voice transm ssions and channel
occupation tine were significantly reduced in conparison to tests
in which current, voice-only procedures were used.
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C. Comparisons of current and Data Link procedures
indicated that in addition to a reduction in voice radi o usage,
Data Link may increase the overall efficiency of controller-pilot
comruni cation by reducing requirenents for resendi ng garbled and
m si nterpreted nessages.

d. Data Link usage in low and high traffic portions of the
test scenarios indicates the tested services are likely to be
equal ly effective across a broad range of operational situations.

e. The observed benefits of Data Link to Ar Traffic
Control (ATC) productivity were not gained at any neasurabl e | oss
in ATC safety or increase in the perceived workload of the test
controllers. Because the subject controllers received only basic
training wth the Data Link services and were unfamliar with the
ATC test scenarios, it is projected that the workl oad associ at ed
with Data Link operations may be even | ower than that experienced
with current voice comunication procedures when the system is
used by fully experienced controllers in famliar field
envi ronnent s.

f. Controllers reported no negative effects of extending
Data Link transm ssion delays beyond those currently projected
for an operational Mbdde S system

g. Controller workload did not differ between the 20 and
the 70 percent Data Link aircraft equipage tests. Furt her nore
controllers reported no significant problens in swtching between
voice and Data Link in mxed equipage environnents. These
results suggest that Data Link should be equally useable by field
controllers in early and later phases of Data Link system
i npl enent ati on.

h. The tested designs of the four Data Link services were
defined by the results of a series of prelimnary mni studies.
The operational evaluation denonstrated that these en route
controller procedures, displays, and data entry protocols were
sufficiently effective and acceptable to controllers to warrant
their inplenentation for field evaluation.

i As noted above, the quantitative results of the
operational evaluation did not reveal mmjor deficiencies which
woul d prevent inplenentation of the tested Data Link services.
However, individual controller coments and the group discussion
sessions surfaced sone open issues and suggestions for
enhancenents to the current service designs which should be
addressed in future work. Those topics requiring further
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consideration are treated in the “Recommendations” section of
this report.

5.2 Al RCREW SUBSTUDY

a. The operational evaluation study represented the first

FAA investigation of aircrew responses to Dat a Li nk
communi cations using prelimnary hardware and software designs
for pilot information displays and controls. Overall pilot

perceptions of the Data Link concept were positive, and suggested
that its inplenmentation would enhance the quality of air-ground
commruni cat i ons. Eval uations of the specific nethods used for
presenting Data Link information in this study indicated that
m nor changes in display logic and format would enhance
interaction between pilots and the system

b. Conparative neasures indicated that the tine required by
pilots to process and respond to ATC instructions was shorter
when wusing Data Link than when wusing current voice radio
pr ocedur es. This inprovenent was attributable to an increased
rate of i nformation transfer as m sunder st andi ngs and
requirenents to call-back for repetition or clarification were
reduced.

C. Pilot processing tine for weather nessages were also
reduced by Data Link as a result of the enhanced interpretability
of nmessages. No nmajor differences between voice and Data Link

were detected for preparing and sendi ng weat her requests.

d. The workl oad associated wth Data Link operations was
rated as acceptable by the subject pilots. Data Link can be
expected to reduce aircrew workload by m nim zing nenory demands
and requirenents for maintaining notes regardi ng ATC cl earances.
However, effective and tinely crew coordination will be needed
with Data Link to ensure that nessages reaching one crew nenber
are comuni cated to ot hers.

e. The subject pilots in this study concurred that Data

Link can effectively replace nost functions currently served by

voice radio in en route and outer termnal control environnents.

Voi ce shoul d be used as a primary back-up to Data Link and as a
channel for energency conmmuni cati ons.

5.3 JO NT | SSUES.

Based on the results of the operational evaluation and those of
earlier investigations, it appears that pilots and controllers
agree on a nunber of basic procedures which wll govern air-
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ground interactions via Data Link. However, additional fornal
nmeeti ngs between pilot and controller groups will be necessary to
resolve other outstanding issues. These issues include
elimnation of the initial cal | after a transfer of
communi cati on, procedures for conmmunication when a pilot does not
confirm receipt of an ATC clearance, and conpensation for the
potential loss of pilot situation awareness which is currently
supported by nonitoring broadcasted radio calls to other
aircraft.

6. RECOMVENDATI ONS.

The followng recommendations for future efforts wunder the
Federal Aviation Admnistration (FAA) Data Link program are
derived from the findings and conclusions of the present
research:

a. This operational evaluation study denonstrated that the
tested Data Link ATC services and functions can significantly
reduce ground-air radio frequency congestion wthout inpairing
air traffic control (ATC) safety or the performance capabilities
of air traffic controllers. Therefore, it is recommended that
these services be incorporated as nodifications to current en
route ATC software and hardware; and that they be subjected to
operational test and eval uati on (OT&E)

b. It is reconmended that the follow ng outstanding issues
and potential enhancenents to the current Data Link service
desi gns be addressed by the FAA

1. Avai | abl e graphic synbol ogies for display of Data
Li nk equi page and uplink eligibility in the full data bl ock (FDB)
should be reviewed to identify alternatives which could enhance
the perceptual discrimnation and detectability of this
information by air traffic controllers.

2. The persistence of the FDB display of a downlinked
WLCO response should be reconsidered to determ ne whether an
increased display tinme will reduce the demands of nonitoring Data
Link transacti ons.

3. The list display of transaction status should be
exam ned to determ ne any requirenent to reduce display clutter
by <creating a separate list for transfer of comunication
transactions, or by displaying information regarding only those
transacti ons which have not been successfully conpl eted.
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4. An option which would permt automatic uplinks of
the transfer of conmunication service should be revi ened.

5. Uplinks of requested altitudes using nenu text
shoul d be evaluated to determ ne whether this type of clearance
shoul d be accessed by selecting a separate, "hard" altitude nenu.

6. Menu text should be exam ned to consider the need
for inclusion of extended, conpound clearances as nenu itens.

7. Proposed operational procedures should be devel oped
to govern the conditions under which the free text service wll
be used, and to define eligibility rules for engaging in Data
Li nk comruni cations while a transfer of conmunication transaction
IS in progress.

8. Proposed procedures for assigning Data Link duties
to associate (D) controllers should be identified. These should
include any software nodifications that would be needed to
provide Data Link <control to the appropriate workstation
posi tion.

C. It is recoomended that the topics outlined above, as
well as any additional outstanding issues, be addressed through
formal presentation to the Data Link Validation Team (ATDLVT).
The results of the deliberations of this team should define any
requirenents for additional research to refine the designs of the
initial Data Link services.

d. Based on the success of the operational evaluation and
the comments of the participating controllers and pilots, it is
recommended that research and devel opnent work be expedited to
extend Data Link applications to the full range of ATC services.

e. The existence of outstanding questions regarding the
rules and procedures which wll govern pilot and controller
interactions wusing Data Link dictates that a nmechanism be
devel oped for resolving these 1issues. Therefore, it is

recommended that formal neetings between the ATDLVT and a
representative pilot group be instituted to address joint issues
and to suggest direction for additional relevant research.

f. Based on the positive findings of the aircrew substudy,
it is recomended that Data Link services to aircraft be
inplemented in the National Airspace System (NAS) as rapidly as
possi bl e.

g. Because the design and devel opnent of airborne Data Link
procedures and crew interfaces has |agged behind corresponding
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work with ground based air traffic control (ATC)at the FAA
Technical Center, it 1is recommended that additional design
studi es and operational evaluations be conducted to address the
foll ow ng requirenents:

1. Research is required to investigate nethods for
integration of Data Link into the cockpit environnment. Thi s
research shoul d address the physical |ocation of cockpit displays
and controls, integration of Data Link wth other airborne

systens (e.g., navigation), and integration of Data Link tasks
with other flight duties to mnimze the nunber and conplexity of
required activities.

2. Additional research is also required to evaluate
and refine alternative display and control hardware for Data
Link; and to nodify display formats and logic in order to enhance
information transfer and reduce swi tching requirenents.

3. Additional work is needed to anal yze experinentally
the observed differences in performance times between the GAT
pilots and the B-727 crews.

4. Additional work is needed to assess the inpact of
realistic crew response tinmes and Data Link transm ssion tinmes on
ATC system perfornmance. More conplex flight scenarios and nore
pilot participation in the sinulated traffic scenarios wll be
needed.
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